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ABSTRACT  
  
This  dissertation  was  designed  to  address  the  study  of  induction  and  repair  kinetics  of  
Co-­60-­induced   deoxyribonucleic   acid   (DNA)   damages   in   human   prostate   tumor   cells  
(PC3   cell   line).   The   analysis   aims   to   investigate   the   number   of   complex   damage  
induced   in   this   cell   line,   to   test   its   repair   ability   and   its   influence   on   cell   survival  
capacity.   It   is   intended   that   this   study   contributes   to   the   characterization   of   the  
response  to  a  specific  radiation  source  by  these  malignant  prostate  tumor  cells.  
The   present   work   proposes   to   evaluate   the   radio-­induced   effects   in   the   following   24  
hours   and   to   observe   the   integrity   of   the   survival   capacity.   In   the   first   part,   an  
immunofluorescence   assay   is   performed.   Two   biomarkers   are   used,   phosphorylated  
H2AX   (g-­H2AX)   and   tumor   suppressor   p53   binding   protein   1   (53BP1),   in   order   to  
determine   the  number  of   double   strand  breaks   (DSBs)   through   their   correspondence  
with   the   foci,   identified   by   antibodies   specific   to   the   biomarkers,   over   several   time-­
points   from   the   first   half   hour   after   irradiation   up   to   24   hours.   Subsequently,   co-­
localization   between   g-­H2AX   and   53BP1   is   tested   using   the   correlation   coefficient  
provided  by  CellProfiler.   In  a  second  part  a  clonogenic  assay   is  performed,  observing  
the  evolution  of  the  survival  fraction  with  increasing  dose.  
The  results  showed  that  cellular  repair  after  induction  of  damage  allows  a  decrease  of  
the   number   of   DSBs,   but   up   to   24   hours’   post-­irradiation   there   is   a   level   of   residual  
damage  present.  Between  g-­H2AX  and  53BP1  there  appears  to  be  a  partial  level  of  co-­
localization,  with  a  tendency  for  decreasing  throughout  the  repair  process.  
In  summary,  the  work  described  in  this  dissertation  demonstrates  the  level  of   induced  
damage   and   repair   kinetics   of   the   PC3   cell   line,   suggesting   a   dose   and   time   repair  
dependence.  
  
Keywords:  PC3  cell  line,  low-­LET  radiation,  DSB,  g-­H2AX,  co-­localization  
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RESUMO  
  
Esta   dissertação   foi   desenhada   para   abordar   o   estudo   da   indução   e   cinética   de  
reparação   de   danos   na  molécula   do   ácido   desoxirribonucleico   (DNA),   induzidos   por  
Co-­60,   em   células   humanas   de   tumor   da   próstata   (linha   celular   PC3).   A   análise  
pretende  investigar  o  número  de  danos  complexos  induzidos  nesta  linha  celular,  testar  
a   sua   capacidade   de   reparação   e   a   sua   influência   na   capacidade   de   sobrevivência.  
Pretende-­se  que  este  estudo  contribua  para  a  caracterização  da  resposta  a  uma  fonte  
de  radiação  específica  por  estas  células  malignas  de  tumor  de  próstata.  
O   presente   trabalho   propõe   fazer   uma   avaliação   dos   efeitos   radio-­induzidos   nas   24  
horas  seguintes  e  observar  a  integridade  da  capacidade  de  sobrevivência.  Na  primeira  
parte,   é   realizado   um   ensaio   de   imunofluorescência.   Dois   biomarcadores   são  
utilizados,  a  H2AX   fosforilada   (g-­H2AX)  e  a  53BP1,  com  o  objectivo  de  determinar  o  
número  de  duplas  quebras  de  cadeia  (DSB)  através  da  sua  correspondência  com  os  
focos   identificados   por   anticorpos   específicos   aos   biomarcadores,   ao   longo   de  
diversos  pontos  no  tempo  desde  a  primeira  meia  hora  após  irradiação  até  às  24  horas.  
Posteriormente,  é  avaliada  a  co-­localização  entre  a  g-­H2AX  e  a  53BP1,  com  recurso  
ao   coeficiente   de   correlação   providenciado   pelo   CellProfiler.   Numa   segunda   parte   é  
realizado  um  ensaio  clonogénico  de  sobrevivência,  observando  a  evolução  da  fracção  
celular  sobrevivente  com  o  aumento  da  dose.    
Os   resultados  mostraram  que  a   reparação   celular   após  a   indução  de  danos  permite  
diminuir  o  número  de  DSB,  mas  até  24  horas  pós-­irradiação  existe  um  nível  de  dano  
residual   presente.   Entre   os   anticorpos,   g-­H2AX   e   a   53BP1,   parece   haver   um   nível  
parcial  de  co-­localização,  com  uma  tendência  para  este  diminuir  ao  longo  do  processo  
de  reparação.  
Em  suma,  o  trabalho  descrito  nesta  dissertação  demonstra  o  nível  de  danos  induzido  e  
a  cinética  de  reparação  da  linha  celular  PC3,  sugerindo  uma  dependência  em  relação  
à  dose  e  tempo  de  reparação.  
Palavras-­chave:   linha   celular   PC3,   radiação   de   baixo   LET,   DSB,   g-­H2AX,   co-­
localização
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1.  INTRODUCTION  
  
1.1.  MOTIVATION  
It  was  after  the  discovery  of  X-­rays  in  1985,  by  Wilhelm  Conrad  Röntgen,  that  the  role  
of   ionizing   radiation   (IR)   began   to   be   appreciated   for   its   potential   in   diverse  
applications.  The   first   documented  utilization  with  a   clinical   application  occurs   in   less  
than  one  year  after  Röntgen  manages  to  see  a  shadow  of  his  wife’s  finger  bones  in  a  
palette.  A  medical  student,  Emil  Grubbe,  used  X-­rays  to  treat  a  65-­year-­old  woman  with  
a  recurrent  breast  carcinoma,  at  a  factory  in  Chicago,  USA  (1).  
The  World  Health  Organization   (WHO)  cancer   report  places  cancer  among   the  major  
causes  of  mortality,  with  a  global  estimate  of  8  million  cancer-­related  deaths  annually,  
with  a  growing   tendency.  Prostate  cancer  presents   the  second  highest   incidence  rate  
(31.1  per  100  000),  with  a  mortality   rate  of  7.8  per  100  000   (2).     At  present  day,   the  
therapeutic  application  of  IR,  radiation  therapy,  is  given  a  protagonist  role.  Broadly,  the  
therapeutic  approaches  associated  with  cancer   treatment  often   include  a  combination  
of  therapies,  of  which  the  more  frequent  include  surgery,  chemotherapy,  and  radiation  
therapy.  More   than  half  of   these  patients  have  clinical   indication   to  undergo   radiation  
therapy,  with  diverse  timings  and  purposes.    
The  beginning  of   the   story   to   study   the  biological   effects  of   IR   is  marked  around   the  
time  of  Röntgen’s  discovery  and  it  was  driven  by  the  necessity  of  assessing  the  effects  
and  potential  risks  for  human  health  of  the  uses  of  IR  that  were  being  discovered.  
IR   has   the   ability   to   produce   charged   particles,   through   the   ionization   of   atoms,   that  
deposit   energy   in   the   surrounding  medium.  When   this   “medium”   is   a   cell,   ionization  
events   can   induce   modifications   in   the   constituent   biomacromolecules.   Resulting  
damages   include   losses   in   function  of  proteins,  deactivation  of  enzymes,  peroxidation  
of  lipids,  and  ruptures  or  modifications  on  the  structure  of  nucleic  acids,  among  others.  
From   all   the   alterations,   deoxyribonucleic   acid   (DNA)   constitutes   the   critical   target  
because   it  contains  genes/chromosomes   that  preserve   the  genetic   information,  which  
makes  it  pivotal  for  the  maintenance  of  the  cellular  survival.  
Radio-­induced  DNA  changes  can  vary  in  frequency  and  degree  of  severity  and  include  
single   strand   breaks   (SSB),   double   strand   breaks   (DSB)   or   base   alterations,   among  
others.   DSBs,   despite   the   fact   they   are   not   the  most   common   lesions,   stand   out   as  
2  
    
critical.   DSBs   constitute,   by   definition,   breaks   in   both   strands   at   a   reduced   distance  
from  one   another,   so   it’s   not   viable   to   use   the   complementary   strand   as   a   template.  
The   nonrepair   or  misrepair   of   a   lesion,   presupposes   a   loss   of   information   during   the  
process  of  cell  division  which  may  lead  to  genomic  instability  and  cell  death  (3).    
Although  the  use  of  IR  for  therapeutic  purposes  is  relatively  recent  this  sort  of  damage  
is   not   exclusively   associated   with   it.   As   a   bi-­product   of   aerobic   respiration,   reactive  
oxygen   species   (ROS)   are   produced   and   are   able   to   induce   damages   (4).   It   is  
estimated   that   each   typical   mammalian   cell   can   acquire,   on   a   daily   basis,   between  
1000   to   1,000,000   DNA   lesions   (4).   This   induction   of   damages   under   normal  
physiological  conditions  has   forced   the  cells   to  naturally  keep  signalization  and  repair  
processes,  in  order  to  maintain  the  genome’s  integrity  (5).    
DSB  creation  triggers  a  set  of  events,  generically  known  as  the  DNA  damage  response  
(DDR).   The   actors   involved   in   DDR   can   function   as   predictive   biomarkers   of   cell  
response.  Their  study  is  often  divided  into  either  techniques  that  allow  the  detection  of  
DNA  damages  or  the  ones  who  allow  the  observation  of  underlying  repair  (6).    
One  of   the  first  observed  modifications   is   the  phosphorylation  of  serine  139   in   the  H2    
histone  family  member  X  (H2AX)  variant,  inducing  its  phosphorylation  in  the  vicinity  of  
the   lesion;;   the   molecule   receives   the   name   of   phosphorylated   H2AX   (g-­H2AX).  
Afterwards,   a   number   of   repair   proteins   will   follow.   This   histone   modification   is  
associated  to  some  interesting  characteristics,  such  as  the  fact  that  the  process  is  fast,  
abundant,  and  presents  a  good  relation  with  DSB,  which  makes   it  a  sensitive  marker  
for  damage  detection  (7).  
However,  although   the  g-­H2AX  measurement  may  be  sensitive,   it   is  not  a  completely  
specific   marker.   It   has   been   suggested   that   phosphorylation   of   H2AX   can   occur   by  
diverse   processes,   such   as   DNA   replication,   apoptosis,   or   residual   damage   (7).  
Furthermore,   some   authors   report   findings   regarding   repair   kinetics   being   cell-­
dependent   processes   (8).   If   the   measurement   of   g-­H2AX   cannot   be   attributed  
exclusively   to   DSBs   and   the   foci   only   measure   the   response   and   not   the   lesions  
themselves,  there  is  a  degree  of  uncertainty  associated  to  it.  One  way  to  increase  the  
strength   of   the   results   is   to   combine   the  measurement   of   g-­H2AX   with   that   of   other  
proteins   known   to   be   involved   in   the   signaling/repair   process   of   the   lesions.   Several  
other  proteins  were  discovered  to  correlate  at  the  sites  of  DSBs.  
Tumor   suppressor   p53   binding   protein   1   (53BP1),   one   of   many   repair   factors,   was  
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discovered   to   co-­localize   with   g-­H2AX,   allowing   the   detection   of   false   positives.   The  
presence   of   both   g-­H2AX   and   53BP1   leads   to   ionizing   radiation   induced   foci   (IRIF),  
providing   a   spatial   indication   that   signalizes  DSBs.   The   parameters   of   induction   and  
disappearance  of  IRIF  kinetics  reflect  the  physical  characteristics  of  the  IR  agent.  This  
way,   it   is  possible  to  retrieve  information  about  the  appearance,  repair  or  nonrepair  of  
DSBs  and  signalizing  DSBs  in  time.  
  
1.2.  STUDIES  UNDERTAKEN  
The  above-­mentioned  sub-­sections  aim  at  describing  the  studies  that  were  performed  
in  this  thesis.  
Quantification   of   DSBs,   in   PC3   cells,   using   the   g-­H2AX   and   53BP1   assays   and  
analysis  of  DNA  repair  kinetics  
This  study  aimed  at  quantifying  the  induction  of  DSBs,  in  PC3  cells,  after  exposure  to  
Co-­60.   The   main   goal   consisted   of   measuring   the   number   of   foci,   both   by   the  
phosphorylation  of  H2AX  and  53BP1.  Cells  were  exposed  to  2  and  4  Gy,  using  a  Co-­60  
source.  The  induced  lesions  were  analyzed  at  different  time-­points.  After  validating  the  
visualization   of   induced   damage,   a   study   regarding   its   dependence   on   two   variables  
was  performed:  (I)  A  time  dependence  study.  For  a  certain  dose,  is  there  a  significant  
difference  between  a  number  of  time-­points?  (II)  A  dose  dependence  study.  Is  there  a  
significant  difference  between  control  cells  and  cells  that  were  irradiated  with  different  
doses?  
Analysis  of  foci  co-­localization    
Measure   the   co-­localization   of   the   two   fluorescence   signals,   g-­H2AX   and   53BP1,  
studying  its  dependence  on  repair  time  and  dose.  
Survival  curve  
A  cell   survival   curve  was  evaluated   through   the  use  of   a   clonogenic   assay.  The  aim  
was   to   understand   and   relate   the   induction   od   DSBs   with   the   maintenance   of  
clonogenic  ability.    
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1.3.  CELL  LINE  
An  article  published  in  1979  report  the  establishment  of  the  PC3  cell  line  derived  from  
bone  metastases  of  a  grade  IV  prostate  cancer  patient,  a  62-­year-­old  Caucasian  male.  
PC3  is  a  cell   line  characteristic  of  prostate  small  cell  carcinoma.  It   is  characterized  by  
the  non-­expression  of  androgen  receptors  or  prostate  specific  antigen  (PSA).  PC3  cells  
do  not  respond  to  glucocorticoids  neither  fibroblast  growth  factors.  The  cell  line  exhibits  
markedly  malignant  behavior,  with  high  metastatic  potential,  which  stands   in   contrast  
with   the   indolent   behavior   typically   found   in   the   clinical   setting.   For   this   reason,  PC3  
cells   tend   to  be  used  as  a  portrayal  of   the  malignant  presentation  of  prostatic   tumors    
(9).    
  
1.4.  RADIATION  SOURCE  
Cobalt-­60  is  a  radioactive  isotope  of  cobalt-­59,  with  an  extra  neutron  and  a  half-­life  of  
5.26   years.   Through   a   beta-­   minus   process   it   decays   for   an   excited   Ni-­60   with   an  
energy   of   0.31  MeV   and   for   a   stable   state   emitting   two   photons,   of   1.173  MeV   and  
1.332  MeV  (Figure  1).  There  are  two  beta-­  minus  channels;;   in  99.88  %  of  the  decays  
follow   from   Co-­60   to   the   second   excited   state   de   Ni-­60   with   a   maximum   electron  
energy  of  0.313  MeV.  Only  0.1  %  of   the  decays  follow  from  Co-­60  to   the  first  excited  
state   of   Ni-­60   with   a   maximum   electron   energy   of   1.486   MeV.   Co-­60   is   produced  
artificially  by  neutron  activation  in  nuclear  reactors  (10).  
  
Figure  1:  Decay  process  from  Cobalt-­60  into  Nickel-­60.  Extracted  from  (10).  
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The  linear  energy  transfer  (LET)  describes  the  energy  transfer  from  the  incident  beam  
to   the  surrounding  medium  (11).  Historically,  much  of   the  use  of   IR   in  cancer   therapy  
has   been   done   with   low-­LET   sources,   both   in   brachytherapy,   with   sources   such   as  
iridium-­192,  cesium-­137,  and  also  in  external  radiotherapy,  with  electrons  and  photons.  
Cobalt-­60   sources   have   a   part   in   both   aforementioned   approaches.   High-­   LET   IR,  
beams  composed  of  heavy  charged  particles,  have  been  playing  an  increasingly  more  
relevant  role  in  the  clinic,  due  to  the  growing  evidence,  that  describes  a  greater  efficacy  
in   inducing  cell  damage   (11).  Regardless,  considering  of   the  past  and  current   role  of  
low-­LET  IR  in  areas  as  diverse  as  radiotherapy  or  food  irradiation,  this  type  of  sources  
possess  a  robust  body  of  evidence  and,  therefore,  play  a  major  role  on  the  comparison  
with  other  types  of  IR.  
For   this   work   the   Precisa   22,   an   experimental   equipment   (Graviner,   Manufacturing  
Company,   Ltd,   U.K.)   loaded   with   Co-­60   sources   was   used.   It   is   located   at   Campus  
Tecnológico   e   Nuclear   (CTN),   Sacavém,   Portugal.   It   should   be   noted   that   all  
irradiations   and   associated   dosimetric   procedures   were   conducted   by   PhD.   Pedro  
Santos,  from  the  same  institution,  who  kindly  granted  his  time  and  expertise.    
  
1.5.  OBJECTIVES  
The  main  objective  of  this  project  was  to  contribute  to  the  characterization  of  the  PC3  
cell   line   response   to   radiation.  Secondary  golds  were  defined,   in  order   to  accomplish  
this.   A   study   on   the   induction   of  DSBs   after   irradiation  was   developed.   A   number   of  
PC3   cells   was   irradiated   with   Co-­60   sources.   Damage   repair   was   measured,   using  
dose  and  repair  time  as  variables.  The  co-­localization  between  g-­H2AX  foci  and  53BP1  
foci   was   evaluated,   in   order   to   test   their   relation   and   its   potential   usefulness   as  
biomarkers.  Finally,  an  attempt  to  relate  the  induced  damages  with  the  maintenance  of  
the   cell’s   survival   was   made,   by   performing   clonogenic   assays   on   the   same  
experimental  conditions.  
  
1.6.  THESIS  OUTLINE  
The   present   dissertation   is   divided   into   six   chapters.   The   introduction   chapter  
describes:    i)  the  motivation  for  the  thesis,  ii)  the  studies  undertaken,  iii)  the  irradiation  
source,  iv)  the  cell  line  used  and  v)  a  section-­by-­section  summary.  
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The  second  and  third  chapters  intend  to  provide  a  theoretical  background  to  the  results  
obtained.  The  second  chapter  approaches  some  key  concepts  related   to   the  damage  
induced   on   the   cell   line,   describing   the   effects   of   radiation,   the  DNA   and   chromatin,  
biomarkers  of   radiation  exposure  and  DNA  damage  and   the  actual  assays.  The   third  
chapter   relates   to   the   radiation   that   leaves   the   source,   the   way   it   interacts   with   the  
medium  and  some  basic  quantities  used   to  characterize   the  damage   from  a  physical  
stand  point.  
The  fourth  chapter  describes  the  materials,  equipment,  and  methodologies  used.  From  
the  maintenance  of  the  cell  culture,  to  the  irradiation  procedure,  the  assays,  as  well  as  
the  analysis  performed  to  produce  the  results.  
The   fifth  chapter  presents   the   results  obtained  with   the  different  assays,  as  well  as  a  
discussion.  
The  six  and  final  chapter  provides  a  general  conclusion  to   the  work  performed  during  
this  dissertation  and  a  brief  discussion  regarding  possible  future  work.  
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2.  BIOLOGICAL  EFFECTS  OF  RADIATION  
  
This  chapter  begins  with  an  introduction  to  biological  effects  and  an  overview  of  some  
theoretical  concepts  associated  with  DNA  damage.  This  chapter  explains  the  difference  
between   direct   and   indirect   effects   to   the   DNA,   what   the   DNA   is   and   how   it  
interconnects  with  the  proteins  histones  to  form  chromatin.  A  brief  description  of  some  
biomarkers  of  radiation  exposure  and  others  types  of  lesions  in  the  DNA  is  presented,  
which  will  be  used  in  this  work.  A  small  theoretical  introduction  is  made  in  regard  to  the  
assays  that  were  performed  throughout  the  dissertation.  
  
2.1.  DIRECT  AND  INDIRECT  EFFECT  OF  RADIATION  
IR  produces  damages  by  direct  and   indirect  effects,  depending  on  whether   the   initial  
events  occur  in  a  critical  target,  such  as  DNA,  or  in  the  cellular  environment.  
A   direct   event   can   be   induced   directly   in   DNA,   with   a   subsequent   breakdown   of  
molecular  bonds.   In  an   indirect  way,   the  damage   is   induced  by   free   radicals   that  are  
mainly   originated   by   the   radiolysis   of   the   water,   due   to   its   relative   abundance   in  
mammalian   cells   (water   can   account   for   70%   or   more   of   its   total   mass)   (12).   The  
energy  deposition  is  done  by  the  ejection  of  orbital  electrons  that  will  induce  a  cascade  
of  events.  The  target  molecule  is  converted  into  an  ion  pair  and  then  into  a  free  radical.  
The  ejected  electrons  are   free   to   induce   further   ionizations.  The   ionization   cycle,   the  
production  of  free  radicals  and  further  release  of  electrons  continues  until  the  photons  
and  particles  lose  their  energy.  
X-­rays  and   g-­rays,   typical  examples  of   low-­  LET   IR,   tend   to  be  associated   to   indirect  
effects,   whereas   particles   such   as   neutrons,   alpha   particles   and   other   high-­LET  
particles  tend  to  induce  mostly  direct  effects  (13).  
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2.2.  DNA  AND  CHROMATIN  
The  DNA  molecule  has  two  polypeptide  chains,  consisting  of  nucleotides  (Figure  2).  A  
nucleotide  is  composed  of  3  elements:  a  sugar,  deoxyribose,  which  is  interspersed  with  
a   phosphate   group   forming   a   backbone,   and   a   base.   The   base   constitutes   the   only  
variable  element   in   the   composition  of   a  nucleotide  and  may   take  one  of   four   forms:  
adenine,  guanine  (both  purines),  cytosine  and  thymine  (two  pyrimidines).  They  follow  a  
rule  of  complementarity  –  adenine  binds  to  thymine,  whereas  citosine  binds  to  guanine;;  
from  one  strand,   it   is  possible  to  construct   the  complementary  one.  Thus,   the  double-­
stranded  structure  is  created,  being  composed  of  two  sequences  that  are  coiled  around  
each  other,  forming  a  double-­helix  structure  (14).  
  
Figure   2:   Representation,   depicting   the   DNA   double   helix,   unwound,   and   the   building   blocks,   the  
phosphate  group  (P),  the  deoxyribose  sugar  (S),  and  the  bases.  Extracted  from  (14).  
  
Chromatin   consists   of   a   combination   of   DNA   and   proteins.   The   DNA   is   compacted  
because  of  its  length,  although  it  must  remain  accessible  for  biological  processes,  such  
as  mRNA  synthesis,   replication,   repair  of   lesions   in   the  strands.  The  main  proteins   in  
the  chromatin,  histones,  are  small  proteins   that   facilitate  DNA  binding.  There  are   five  
main  histones  types  -­  H1,  H2A,  H2B,  H3  e  H4.  
The  basic  unit  of   chromatin   is  called   the  nucleosome.  A  nucleosome   is  composed  of  
147  nucleotides  in  length,  wrapped  in  a  complex  of  eight  histones,  two  of  each  of  H2A,  
H2B,  H3,  and  H4.  In  order  to  form  a  nucleosome,  the  DNA  is  first  coiled  in  two  H3  and  
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two   H4,   followed   by   the   addiction   of   two   dimers   of   H2A   and   H2B.   The   complex   is  
sealed  by  H1  (14).  
Chromatin   is   present   with   different   levels   of   compaction.   Interphase   cells   tend   to  
present   the   chromatin   in   a   more   diffuse,   unwrapped   and   active   form   than   the  more  
commonly  packaged,   typical   in  division  and  usually  silenced.  The   level  of  compaction  
influences   factors   such   as   radiosensitivity   and   the   ability   to   repair.   Uncompressed  
forms   tend   to   be   more   sensitive,   but   also   more   efficiently   repaired   than   more  
compacted,  less  sensitive,  forms.  
  
2.3.  CELL  CYCLE  
The  cell  cycle  encompasses  the  various  stages  in  which  a  cell  goes  through  since  birth,  
until  it  is  ready  to  divide  and  give  rise  to  new  cells.  It  is  typically  divided  into  interphase  
and  mitosis.  
The  Gap  1  (G1)  and  Gap  2  (G2)  are  associated  to  the  preparation  for  the  events  that  
characterize  the  cell  cycle:  the  synthesis  phase  (S)  and  the  cell  division.  First,  the  cell  
begins  to  grow  to  a  certain  volume,  producing  all  of  the  cellular  components  it  needs  for  
the   next   phase,   with   the   exception   of   the   nucleus,   in   order   to   duplicate   the   genetic  
material.  In  case  the  environment  is  poor  in  nutrients,  the  cell  remains  at  this  stage  until  
the  conditions  change.  There   is  an  evaluation  of   the  physiological  conditions  and   the  
environment,  which   determines   the   continuation   of   the   course.   The   cell   enters   the  S  
phase.   An   extra   copy   of   the   genetic  material   is   created.   The  G2   phase   proceeds   to  
mitosis,  and  the  cell  will  grow,  reorganize.  During  the  mitosis,  the  cell  will  divide  in  two  
daughter   cells,   each   with   the   respective   sets   of   genetic   material   and   cellular  
components.   At   the   end   of   the   process,   the   cell   is   first   subjected   to   a   nucleokinesis  
process  and  then  to  a  cytokinesis  process,  with  cleavage  of  the  nucleus  and  then  the  
cytoplasm  (15).  
  
2.4.  BIOMARKERS  OF  RADIATION  EXPOSURE  
Damage   to   the  genetic  material   is   strongly   correlated  with   IR-­induced   cell   death,   but  
also  with   tumor  mutations  and   lesions.  The   IR  can   induce  various   types  of  damages,  
from  changes  in  bases,  strand  breaks,  SSB  or  DSB,  among  others  (Figure  3).    
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Figure  3:  Schematic  representation  of  some  DNA  damage  examples:  (I)  alteration  of  bases;;  (II)  SSB;;  (III)  
DSB.  Adapted  from  (16).  
An  altered  base  can  occur  by  disruption  or  chemical  modification  of  the  bases  through  
ROS,  a  result  of  indirect  effects.  
A  SSB  corresponds   to  one  or  more  breaks  on  a  single  strand  of   the  DNA  backbone.  
There  are  two  general  ways  of  inducing  this  type  of  damage:  (i)  at  the  phosphodiester  
bond  level  between  the  phosphate  group  and  deoxyribose;;  (ii)  at  the  level  of  the  bond  
between  the  base  and  deoxyribose.  This  type  of  injury  tends  to  be  produced  either  by  
ROS   or   by   repairing   abasic   sites.   Taken   individually,   they   are   of   little   biological  
significance  in  intact  DNA,  due  to  the  possibility  of  repair  using  the  second  strand  as  a  
template.   If   the   repair   is   not   effective   (misrepair),   it  may   result   in   a  mutation.   If   both  
strands   breaks   possess   a   significant   separation,   they   will   be   handled   separately   as  
individuals  SSBs.  This   type  of   injury  resembles  events   that  occur  naturally   in   the  cell.  
As  an  example,  during  the  replication  phase  the  double  strand  must  be  opened  in  order  
to  allow  access  of  the  replication  proteins  to  the  genetic  information  (12).  
DSBs  are  considered   the  most   relevant   type  of   lesion   for   the  study  of   radiobiological  
effects,  such  as  cell  death,  chromosomal  aberrations  or  carcinogenesis.  They  consist  
of   two  SSBs   in  opposite  strands,  at  a  distance  such   that  base  pairing  and  chromatin  
structure   are   insufficient   to   keep   the   two   joints   juxtaposed.  DSB   can   result   from   two  
non-­time  correlated  SSBs  or  two  SSBs  induced  by  the  same  primary  event.  
A   level   of   complexity   can   still   be   added   to   the   repair   process   if   multiple   injuries  
(whether  an  accumulation  of  one  type  of  damage  or  a  combination  of  multiples  types)  
occurs   at   close   distances,   in   the   same   strand,   or   on   the   opposite   one.   They   form  
clustered  lesions,  which,  by  convention,  consists  of  two  or  more  lesions  in  a  region  of  
10-­20   bp   and   are   usually  more   difficult   to   repair   because   they   aren’t   dealt   with   in   a  
separate  matter  (12).  IR  induces  different  proportions  of  lesions,  depending  on  the  type  
of   radiation.   Due   to   the   higher   density   of   ionizations   and   excitations   along   the   path,  
some  types  of  IR  will  generate  a  greater  proportion  of  cluster  lesions.  The  proportion  of  
cluster   lesions  as  well   as   the  degree  of   complexity  of   each   lesion   increases  with   the  
increase  of  LET.  For  a  cluster  injury  to  be  completely  repaired,  all  components  must  be  
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repaired  or   removed.   In  addition,  several  DSBs   in  proximity   increase   the   likelihood  of  
an  incorrect  junction  of  the  DNA  ends  (11,12).  
  
2.5.  BIOMARKERS  OF  DNA  LESIONS  
2.5.1.  g-­H2AX/  53BP1  FLUORESCENCE  ASSAY  
DNA  damage   leads   to   the  modification  of   the  chromatin  surrounding   the   lesions,  with  
the   local   accumulation   of   protein   complexes,   part   of   a   response   known   as   DNA  
damage  response  (DRR).  
Currently,   the   quantification   of   the   histone   variant   X-­   phosphorylated   form   H2A,   (g-­
H2AX  foci),   represents  a  well-­established  method   to  correlate   the  DSB  formation  and  
the  repair  kinetics  process,  serving  as  a  biomarker  (17).    
The  H2A  family  is  constituted  by  a  number  of  variants,  including  H2AX.  This  variant  is  
present  in  a  relative  abundance  of  2-­25  %  of  the  H2A  variations,  depending  on  tissue  
and  cell  line  in  analysis  (18).  Instead  of  being  located  in  a  specific  region,  it  is  found  in  
a   seemingly   dispersed   form   in   histones   throughout   the   DNA.   The   H2AX   protein   is  
unique   for   its   C-­terminal   tail   (COOH).   Prior   to   the   stop   codon,   the   tail   has   a   highly-­
conserved  sequence,  which   includes  a   serine   residue  at   position  139;;   this   residue   is  
phosphorylated  in  response  to  DNA  damage.    
The  g-­H2AX  foci  formation  constitute  one  of  the  first  responses  to  DSBs,  being  capable  
of  extending  for  up  2  megabase  chromatin  regions  around  a  lesion  in  mammalian  cells  
(19,  20).    
The  phosphorylation  process  can  occur  within  1  and  10  minutes  after   irradiation,  and  
the   phosphorylated   fraction   will   increase,   peaking   at   30   minutes.   The   fraction   of  
phosphorylated   H2AX   was   found   to   be   proportional   to   the   number   of   DSBs,   with  
around  0.03%  of  the  phosphorylated  H2AX  per  DSB  (21).    
After  repairing  the  integrity  of  the  chromatin,  g-­H2AX  is  reversed.  If  the  g-­H2AX  signals  
a  destabilization  of  the  chromatin,  the  signal  should  be  “turned  off”,  after  restoration  of  
the   chromatin’s   integrity.   It   has   been   suggested   that   this   process   occurs   either   by  
removing   the   g-­H2AX   by   histone   change   or   by   dephosphorylation   by   a   phosphatase  
(22).   In  mammalian   cells,   the  phosphatase  2A   (PP2A)   appears   to   be   involved   in   the  
process  of  dephosphorylation  (22).    
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Several  studies  highlight  a  correlation  1:1  between  the  number  of  g-­H2AX  foci  and  the  
expected  number  of  DSBs  induced  (21;;  23).    
Considering   the   rapid   induction   and   amplification   of   g-­H2AX,   as   well   as   a   good  
agreement  with  DSBs,  this  type  of  study  has  been  considered  the  gold  standard  in  the  
detection  of  this  type  of  damage.  It   is  known  empirically  that  H2AX  plays  a  role  in  the  
cellular   response   to   DSBs,   since   H2AX-­deficient   cells   and   mice   exhibit   a   higher  
sensitivity  to  IR  and  have  higher  levels  of  spontaneous  genomic  instability  (24,  25).  
The   literature  emphasizes   the  sensibility  of   this  assay.  However,  questions  have  also  
been  raise  regarding  its  specificity,  as  summarized  by  Menegakis  et  al  (26).  
i.   It   has  been  shown   that   residual  g-­H2AX   foci  may  persist  after   the   rejoining  
process  of  the  initial  damage  (18);;  
ii.   McManus  et  al,  describes  the  presence  of  “small”  foci,  irrelevant  for  the  DDR  
and  cycle  dependent  (27);;  
iii.   A  dependence  on  the  level  of  chromatin’s  condensation  (18);;  
iv.   H2AX   phosphorylation   events   may   occur   without   the   presence   of   a   DSB  
lesion  (28).  
In   this   context,   there   is   an   argument   to   be   made   on   the   validity   of   using   a   second  
biomarker  for  the  fluorescence  assay.  
TP53  binding  protein  1  (53BP1)  was  first  described  as  a  binding  partner  to  the  central  
domain  of  p53  tumor  suppressor  protein,  it  is  often  mutated  in  tumors.  The  53BP1  gene  
is   located   on   chromosome15q15-­21,   encoding   a   protein   consisting   of   1972   amino  
acids,   and  presents   “interaction   surfaces”   for   several   proteins   involved   in  DSB   repair  
(29)(30).    The  first  evidence  that  would  play  a  role  in  the  cellular  response  to  DSBs  was  
the   discovery   of   their   migration   and   accumulation   in   these   breaks   following   DSB  
induction  treatments.  Later,  it  was  observed  that,  in  response  to  DSB’s,  53BP1  moves  
to  lesion  sites,  where  it  plays  a  role  in  the  acute  response  and  DNA  repair.    
53BP1   foci  begin   to   form  5  minutes  after   irradiation,  at  doses  as   low  as  0.5  Gy.  The  
53BP1   foci   number   increases   linearly   over   time,   peaking   at   15-­30   minutes   after  
irradiation,  and  then  decreases,  to  baseline  over  the  next  16  hours  (30).  
The  relevance  of   this   technique  was  tested   in  53BP1  deficient  mices;;  which  exhibited  
immune  deficiencies,  high  sensitivity   to   IR  and  genomic   instability,  with  a   tendency   to  
develop  tumors  (31).  
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The   co-­localization   of   53BP1   foci   with   other   foci   known   to  mark   sites   of   DNA  DSBs  
such   as   g-­H2AX   foci,   supports   the   hypothesis   that   the   53BP1   foci   can   closely   relate  
with  the  number  of  DSBs  (30).  
  
  
  
Figure   4:  Digital   image   illustrating   IRIF   originating   from   g-­H2AX   and   53BP1   in   PC3   cells;;   (I)   a   control  
image  and  (II)  a  4  Gy  image  (both  images  obtained  throughout  the  course  of  this  work).  
  
To  properly  quantify  DNA  damage  using   immunofluorescence  microscopy,  cells  were  
treated   with   two   antibodies   for   each   of   the   foci   used   in   this   work   (Figure   4).   Both  
protein-­primary  antibodies  and  protein-­secondary   fluorescence  antibodies  were  used.  
For   identification   of   g-­H2AX   foci,   a   primary   antibody   (mouse   anti   g-­H2AX)   and  FITC-­
conjugated   anti-­mouse   second   antibody  were   used;;   whilst   for   53BP1   foci,   a   primary  
antibody   (rabbit   anti-­53BP1)   and   Texas   Red-­conjugated   anti-­rabbit   second   antibody  
were  used.  
  
2.5.2.  CLONOGENIC  ASSAY  
The  clonogenic  assay  is  a  cell  survival  assay  and  represents  the  gold  standard  in  vitro  
method   to   evaluate   the   clonogenic   potencial   of   in   vivo   cells   (32).  Determination   of   a  
cell’s  viability  is  enabled  through  the  ability  to  form  a  colony,  which  is  why  is  frequently  
categorized  as  a   viability   assay.  A   colony,   by  definition,   consists  of   a  gathering  of   at  
least  50  cells.  It  represents  5-­6  potential  cell  divisions,  depending  on  the  growth  rate  of  
a  specific  cell  line  (33,  34).  The  assay’s  goal  is  to  test  the  cells  for  their  survival  ability  –  
the  ability  to  continue  dividing  indefinitely,  allowing  the  exclusion  of  cells  with  a  limited  
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potential   for  division,  either  by   inducing  sublethal  damage  or  by  being   in  a  process  of  
cell   differentiation.  Survival   cells   that   remain   viable   after   irradiation  will   form  colonies  
and   are   subsequently   quantified,   which   allows   to   withdraw   considerations   regarding  
cell  survival  (Figure  5)  (33).  
  
  
  
Figure  5:  Digital   image  showing  a  plate  with  4  cultures  with  colonies  derived   from  a  clonogenic  survival  
assay  carried  out  with  PC3  cells  exposed  to  a  dose  of  6  Gy.  
  
The  assay  allows   for  an  assessment  of  differences   in  survival  capacity  between  cells  
that  serve  as  controls  and  cells  that  are  exposed  to  various  cytotoxic  agents,  such  as  
IR  or  drugs  used  in  chemotherapy.  Likewise,   it   is  often  applied  to  monitor  the  efficacy  
of  several  agents  by  determining  their  cytotoxic  effects  at  the  level  of  colony  formation  
in  different  cell  lines  (34).  
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3.  INTERACTION  OF  RADIATION  WITH  MATTER  
  
In   this   chapter,   a   brief   overview   on   photons   and   charged   particles   interactions   with  
matter  is  presented,  as  well  as  some  relevant  physical  quantities.    A  description  on  the  
basic  functioning  of  an  ionization  chamber  is  included.  
  
3.1.  INTERACTION  OF  PHOTONS  IN  MATTER  
In  a  simplified  way,  a  medium  can  be  seen  as  a  combination  of  orbital  electrons  and  
atomic  nuclei,  which  is  composed  of  protons  and  neutrons.  
When   a   particle   transverses   an   absorbing   material,   it   interacts   with   the   material’s  
constituent  atoms.  Photons  are  indirectly   ionizing  radiation  and  so  the  energy  transfer  
occurs   in   a   two-­step   process.   The   incoming   photon   transfers   its   kinetic   energy   to  
secondary   directly   ionizing   particles,   such   as   electrons.   The   secondary   particles   will  
then   deposit   their   energy   through   Coulomb   interactions   (this   process   will   be   further  
developed  in  the  next  section).  
When   a   photon   transverses   a   medium,   either   it   interacts   or   does   not   interact,  
maintaining   its   trajectory.   When   a   photon   interacts,   multiple   processes   may   occur,  
depending   on   factors   such   as   photons   energy   and   chemical   composition   of   the  
material.   When   transversing   a   medium,   photon   beams   mainly   experience   a   loss   of  
intensity,  as  opposed  to  the  loss  of  energy  verified  with  directly  ionizing  particle  beams.  
An   ionization  event  occurs  when  the  energy   transferred  by  an   incident  photon   is  high  
enough   to   remove   an   electron   from   its   orbital.  When   the   transferred   energy   is   lower  
than   the   electron’s   binding   energy,   the   electron   is   transferred   to   a   more   energetic  
orbital  and  the  atom  becomes  excited.  When  the  transferred  energy  is  higher  than  the  
electron’s   binding   energy,   the   electron   is   removed   from   the   atom   and   the   atom  
becomes  ionized  (10).  
The  main  physical   interactions  between  photons  and  matter   include   the  photoelectric  
effect,  Compton  scattering,  pair  production  and  Rayleigh  scattering  (Figure  6).  
Photoelectric   effect.   An   electron   is   ejected   from   one   of   the   orbitals   of   an   atom,  
induced   by   the   energy   absorption   of   an   incident   photon.   The   photon   disappears   by  
transferring   all   its   energy,   while   the   orbital   electron   is   ejected   with   a   certain   kinetic  
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energy,   leaving   the   ionized  atom.  This  energy   is   the   result  of   the  difference  between  
the  energy  of  the  incident  photon  and  the  binding  energy  of  the  electron.  The  electron  
tends   to   deposit   the   energy   locally.   The   vacancy   that   is   open   by   the   ejection   of   the  
electron   is   filled   by   electrons   of   outer   orbitals,   thus   inducing   one   of   two   competing  
processes:  the  emission  of  characteristic  X-­rays  and  of  Auger  electrons.  This  process  
happens   when   the   incident   photon’s   energy   is   equal   or   higher   than   the   electron’s  
binding  energy  (10).  
Compton  scattering.  An  incident  photon  collides  with  an  orbital  electron,  producing  a  
scattered  photon  with  lower  energy,  as  well  as  a  recoil  electron  that  is  ejected  from  the  
atom.   This   phenomenon   happens   when   the   energy   of   the   incident   photon   is   much  
higher  than  the  electron’s  binding  energy  (10).  
Pair  production.  A  photon  with  at  least  1.022  MeV  is  converted  into  an  electron  and  a  
positron.  An  electron-­positron  pair  may  combine  and  provoke  an  annihilation  reaction,  
which,  usually  results  in  two  photons,  each  with  an  energy  of  0.51  MeV  (10).  
  
Figure  6:  Schematic  representation  of  the  main  interactions  with  photons  in  matter,  where  (I)  corresponds  
to   the   photoelectric   effect,   (II)   to   the   Compton   scattering,   (III)   to   the   pair   production,   and   (IV)   to   the  
Rayleigh  scattering.  Adapted  from  (10).  
  
I-­  Photoelectric  effect 
IV-­  Rayleigh  scattering III-­  Pair  production 
II-­  Compton  scattering 
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Rayleigh   scattering.   An   incident   photon   interacts   with   the   absorber   atom,   being  
scattered.  The  scattered  photon’s  energy  is  very  close  to  the  incident  photon’s  energy.  
An  orbital  electron  in  these  circumstances  accelerates,  which  causes  the  atom  to  emit  
radiation,  to  return  to  a  stable  state.  One  of  the  characteristics  of  this  type  of  interaction  
is  that  the  atom  does  not  reach  an  excited  or  ionized  state.  This  phenomenon  happens  
when  incident  photon’s  energy  is  approximately  equal  to  the  binding  energy  (10).  
  
3.2.  INTERACTIONS  OF  A  CHARGED  PARTICLE  IN  MATTER  
Electrons   are   directly   ionizing   radiation,   thus   interacting   with   matter   in   diverse   ways  
through  Coulomb  interactions,  being  distinguishable  through  the  impact  parameter  b.  It  
is  defined  as  the  smallest  distance  between  the  center  of  the  nucleus  and  the  trajectory  
of   the   incident   particle   as   it   transverses   the   atom,   being  measured   in   relation   to   the  
radius  of  the  atom  (Figure  7)  (10).  
  
Figure  7:  Representation  of  an  electron  trajectory  in  relation  to  an  atom,  where  a  is  the  radius  of  the  atom  
and  b  is  the  impact  parameter.  Adapted  from  (10).  
  
When  an  incident  electron  passes  at  a  considerable  distance  from  an  atom,  that  is,  the  
impact  parameter  b   is  much  higher   than   the  atomic   radius   (b  >>   a)   it   is   called  a  soft  
collision.   When   the   particle   transverses   the   atom,   the   particle’s   Coulomb   field   will  
interact  with  the  atom’s  constituent  particles,  which  causes  a  small  amount  of  energy  to  
be   transferred   from   the   incident   electron   to   an   orbital   electron,   which   in   turn   gets  
excited.   Despite   the   small   energy   involved   in   an   individual   interaction,   it   becomes  
relevant  due  to  the  high  frequency.  It  is  estimate  that  soft  collisions  are  responsible  for  
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approximately  50  %  of  a  charged  particles’  energy  loss.  
When   an   incident   electron   passes   at   such   a   distance   from   an   atom   that   the   impact  
parameter  b  is  approximately  equal  to  the  radius  (b  »  a)  it  is  called  a  hard  collision.  The  
electron   tends   to   interact  mostly  with   orbital   electrons,   transferring  most   of   its   kinetic  
energy.   If   the  energy   transfer   is  sufficient   to  exceed   the  binding  energy  of   the  orbital,  
the  electron  is  released,  thus  ionizing  the  atom.  When  this  electron  is  able  to  produce  a  
noticeable   track,   its   named   delta   ray   and   it   has   enough   energy   to   undergo   its   own  
Coulomb   interactions   with   other   atoms.   Although   they   are   less   likely,   the   energy  
transfer   involved   is   much   higher   and   they   account   for   approximately   50   %   of   the  
charged  particle’s  energy  loss.  
Finally,  when   the   incident  electron  passes  near  a  nucleus,   the   impact  parameter  b   is  
much  lower  than  the  atomic  radius  (b  <<  a)  it  will  experience  a  Coulomb  interaction  with  
the  atomic  nucleus.  An  electron  may  also  interact  with  the  orbital  electrons  of  an  atom,  
slowing   down   due   to   the   repulsive   Coulomb   interactions   and   emitting   X-­rays   in   the  
process,  known  as  bremsstrahlung  radiation  (10).  
  
3.3.  PHYSICAL  QUANTITIES  
3.3.1.  ABSORBED  DOSE  
When  a  charged  particle  passes  through  a  medium,   it  deposits  energy  along  its  path.  
The  dose  is  a  measure  of  the  mean  energy,  E,  deposited  by  IR  to  matter  of  mass,  m:  𝐷 = ∆$∆%	  	    Eq.  1  
Where    
DE  is  the  absorbed  energy  to  a  mass  element  Dm  and  its  SI  unit  is  the  gray  (Gy)  (1Gy=  
1  J.kg-­1)  (35).  
  
3.3.2.  STOPPING  POWER  
The   loss   of   energy   per   path   length   is   defined   as   stopping   power.   The   total   stopping  
power   is   the  sum  of   the  contributions  of   two  processes:   radiative  stopping  power  and  
collisional  stopping  power,  according  to  the  following  expression:  − ($() = ($() 𝑐𝑜𝑙 + (($())𝑟𝑎𝑑    Eq.  2  
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The  radiation  stopping  power  or  nuclear  stopping  power  includes  Coulomb  interactions  
with   the  nucleus.   It   is   related   to   the  emission  of  photons  of  bremsstrahlung  when  an  
incident   particle   changes   direction   along   its   path.   The   contribution   of   this   process   is  
particularly  relevant  in  the  case  of  electrons,  because  they  are  light  charged  particles,  
in  a  medium  with  high  atomic  number.  
The   collisional   stopping   power   or   electronic   stopping   power   results   from   Coulomb  
interactions  of  charged  particles  with  orbital  electrons.  The  contribution  of  this  process  
is   relevant   for   both   light   and   heavy   charged   particles.   This   type   of   energy   loss   is  
associated  with  the  excitation/  ionization  of  the  atoms  in  the  medium  (10).  
  
3.3.3.  LET  
A  concept  related  to  stopping  power   is   the   linear  energy  transfer  (LET).  Constitutes  a  
measure  of  the  average  energy  locally  imparted  to  the  medium  by  a  charged  particle  of  
specified  energy   in   traversing  a  distance  dl;;   it   is  expressed   in  keV.µm-­1,  according   to  
the  following  equation  (35,  36):   𝑳∆ = 𝒅𝑬∆𝒅𝒍       Eq.  3  
in  which,  
dE∆,  represents  the  energy  transferred  to  the  medium  
dl,  represents  the  path  length  distance  
  
IR  is  categorized  as  low-­LET  or  high-­LET  (Table  1).  The  low-­LET  IR  usually  consists  of  
X-­rays.  High-­LET  IR  typically  includes  heavy  charged  particles  and  neutrons.  
  
Table  1:  Typical  LET  values  of  various  types  of  radiation.  Usually  is  considered  a  value  of  10  keV/  µm  to  
separate  low  from  high  LET.  Extracted  from  (10).  
Low-­LET  IR   LET  (keV/µm)   High-­LET  IR   LET  (keV/µm)  
X  rays:  250  kVp   2   Electrons:  1  keV   12.3  
l  rays:  Co-­60   0.3   Neutrons   12  
X  rays:  3  MeV   0.3   Protons:  2  MeV   17  
Electrons:  10  keV   2.3   Carbon  ions:  100  MeV   160  
Electrons:  1  MeV   0.25   Heavy  ions   100-­  2000  
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The   low-­LET   and   high-­LET   IR   present   a   different   pattern   of   spatial   dose   distribution  
and,   consequently,   diverse   efficiency   (Table   2).   Low-­LET   IR   deposits   the   dose  
relatively   homogeneously   in   the   cell’s   nucleus,   presenting   a   mean   spacing   between  
ionizations  events   in   the  order  of  hundreds  of  nanometers.  The  high-­LET   IR   tends   to  
deposit  a  high  dose  near  the  particle  track  and  practically  none  in  the  area  between  the  
tracks,  with  a  higher  ionization  density.  
  
Table  2:  Mean  of  induced  damage  in  a  mammalian  cell  after  administration  of  1  Gy,  by  a  low-­LET  photon  
beam  and  by  a  beam  of  low-­energy  a  particles  (high-­LET).  Adapted  from  (37).  It  should  be  noted  that  the  
induced  effects  complex  with  high-­LET  IR  are  in  greater  numbers  and  a  greater  part  of  these  damages  are  
not  repaired  at  8  hours.    
Radiation   Low-­LET   High-­LET  
Tracks  in  nucleus   1000   2  
Ionizations  in  nucleus   100  000   100  000  
Ionizations  in  DNA   1  500   1  500  
DNA  SSB   700-­1  000   300-­600  
DNA  DSB  (initially)   18-­60   70  
DNA  DSB  (after  8  h)   6   30  
Chromosome  aberrations   0.3   2.5  
  
For   low-­LET   IR   the   ionization   events   are   too   spaced   relative   to   the   size   of   a   DNA  
molecule.  The  result   is   that  a  photon  can   transverse   it  without  depositing  energy.  For  
high-­LET   IR,  energy   loss  events  can  occur  more   frequently,  as  a   result,   a   significant  
percentage  of  energy  is  deposited  along  the  track.  
Due  to  higher  ionization  density  associated  with  a  higher  LET  value,  it  is  considered  to  
be  biologically  more  effective  to  have  a  higher  LET  value,  until  around  100  keV/µm.  It  
corresponds  to  a  spatial  density  of  ionization  events  coincident  with  the  diameter  of  the  
DNA  strands  (about  2  nm).  
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Figure  8:  Relation  between  relative  biological  effectiveness  (RBE)  values  and  linear  energy  transfer  (LET)  
values.  An  increase  in  RBE  up  to  100-­150  keV/µm  is  observed  and  a  decrease  to  higher  values.  Extracted  
from  (37).  
  
To   measure   the   biological   efficiency   of   a   certain   type   of   IR,   the   parameter   relative  
biological  effectiveness  (RBE)  is  typically  used.  RBE  is  defined  as  the  ratio  of  a  dose  of  
reference  radiation  (e.g.  250  keV  x-­rays,  RBE=1)  to  a  dose  of  a  given  type  of  radiation  
that  produces  an   isoeffect.  The  RBE  is  dependent   to  LET,   for  LET  >  10  keV/µm.  The  
RBE  value  tends  to  increase  with  increasing  LET  values,  up  to  a  peak  value.  After  that  
point,  the  excessive  proximity  of  events  becomes  inefficient  in  regards  to  the  intended  
target,  the  DNA  molecule  (Figure  8)  (38).  
  
3.4.  DOSIMETRIC  SYSTEMS  
3.4.1.  IONIZATION  CHAMBER  
The  Ionization  chamber  (IC)  is  one  of  the  most  commonly  used  dosimeters.  ICs  can  be  
used   for   dose   determination   in   reference   conditions   or   to   measure   relative   doses.  
Although  there  are  a  large  variety  of  sizes  and  shapes,  they  tend  to  share  a  number  of  
common  features.  IC’s  usually  consist  of  a  gas  or  liquid-­  filled  cavity,  surrounded  by  a  
wall   made   out   of   a   conductive   material   and   a   central   electrode   who   serves   as   a  
collector.     Usually,   the  sensitive  gas  present   in  an   ionization  chamber  will  be  air.  The  
low-­LET   IR   interacts   with   the   chamber   and   releases   electrons   in   the   chamber   wall  
through  photoelectric  effect,  Compton  scattering,  and  pair  production.  A  percentage  of  
these  electrons  enter   the  sensitive  volume  of   the  chamber,   ionizing   the  air  molecules  
present,  giving  rise  to  positive  ions  and  electrons,  of  lower  energy.  These  electrons  will  
bond   to   the   oxygen   molecules   present,   forming   negative   ions.   These   electrons   will  
bond  to  the  oxygen  molecules  present  in  the  air,  forming  negative  ions.  Therefore,  both  
positive   and   negative   ions   will   constitute   the   charged   particles   that   will   be   collected  
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(39).   The   ions   pairs,   a   dose-­related,   electric   current   that   can   be  measured   using   an  
electrometer  (40).  
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4.  MATERIALS  AND  METHODS  
  
This  chapter   intends   to  provide  a  description  of   the  materials  used  and   the  protocols  
followed  throughout  the  experimental  portion  and  the  statistical  analysis  of  the  assays.  
It  starts  with  a  description  on  how  the  cell  culture  was  maintained,  referring  the  culture  
medium  and  supplements.  The  passage  and  counting  protocol  is  referred,  the  latter  is  
also   used   to   test   the   viability   of   the   cells.   This   chapter   also   outlines   the   irradiation  
sources,   the   equipment   in   which   they   are   inserted   in   and   in   which   conditions   the  
cultures  plates  are  exposed  to  them.  There’s  a  brief  mention  to  the  dosimetry  protocol  
carried  out  by  PhD  Pedro  Santos.  A  brief  description  of  the  protocols  is  presented  (the  
followed  protocols  are  detailed   in   the  appendix  section).  Finally,   the  methods  used   to  
read  and  analyze  the  data  are  outlined.  
  
4.1.  CELL  CULTURE  
4.1.1  CULTIVATION  OF  CELLS  
Performing   cell   cultures   is   a   required   step   for   the   study   of   cell   lines.   The   aim   is   to  
create   a   system   that   allows   for   the   cells   to   be   maintained,   by   ensuring   them   the  
substances  required  for  their  survival  and  proliferation.  Within  the  scope  of  this  work,  a  
human   prostate   cancer   cell   line,   PC3,  was   used.   The   cell   culture  was  maintained   in  
medium   size   culture   flasks   (T-­75)   (OrFlask,   Orange   Scientific),   in   an   CO2   incubator  
(HeraCellTM,   Termo   ScientificTM),   with   an   humidified   atmosphere   at   37°   C,   with   5   %  
CO2.  The  preparation  of  the  culture  medium  for  the  cell  line  was  carried  out  according  
to   the  manufacturer   instructions.  The  culture  medium  Roswell  Park  Memorial   Institute  
medium  (RPMI-­1640,  Sigma  Aldrich,  St  Louis,  USA)  was  supplemented  with  10  %  fetal  
bovine   serum   (FBS)   (F7524,   Sigma,   St   Louis,   MO,   USA),   and   1   %   of   a   penicillin  
streptomycin   solution   (P4333,   Sigma,   St   Louis,  MO,  USA).   It   was   kept   in   storage   at  
4°C,  being  heated  in  a  water  bath,  prior  to  its  utilization.  When  the  cell  culture  reached  
approximately   70-­80%   confluency,   a   subculture   was   performed   to   a   new,   properly  
labelled,  culture  flask,  intended  to  keep  the  cells  in  the  log  phase.  This  evaluation  was  
made   upon   visual   inspection   of   the   cell   density,   resorting   to   an   inverted   light  
microscope   (Motic   AE21).   Typically,   every   2   days   the   cells   were   subcultured.   The  
medium  was   removed  and   the  adherent   cells  were  washed  with  PBS.  After   the  PBS  
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was  removed,  2  ml  of  Trypsin  were  added  and  the  cells  incubated  for  2-­3  minutes.  The  
cells,  rounded,  were  detached  from  the  flask  surface  and  from  one  another,  after  some  
gentle   strokes.   This   procedure   was   verified   with   a   microscope.   In   order   to   avoid  
damage,   the   tryptic  activity  was   inhibited,  adding  6  ml  of   culture  medium.  Cells  were  
counted  (see  complete  protocol  for  cell  counting  in  the  Annexes  section  –  Protocol  Cell  
Counting)   and   a   fraction  was   transferred   to   a   new   culture   flask,   already   labeled   and  
filled   with   culture   medium.   The   cell   density   was   re-­confirmed   at   the   inverted  
microscope  and  at  the  end  the  newly  prepared  culture  flask  was  incubated.  
In   preparation   for   the   protocols,   a   specific   number   of   cells   was   plated   onto   6-­well  
culture   plates   (Z707767   SIGMA,   TPPÒ   Merck)   24   hours   prior   to   irradiation,   with  
supplemented   culture  medium.   In   the   specific   case   of   fluorescence   assays,   the   cells  
were   first   placed   in   cover   glass   and   left   to   adhere   and   only   after   submerged   in   the  
culture  plates  with   the  culture  medium.  From   the  6-­well   culture  plates,   the  2-­mid  well  
were  not  used  (see  Figure  5,  section  2.5.2).  
  
4.1.2.  CELL  VIABILITY  /  CELL  COUNTING  
During  the  cell  counting  procedure,  it  was  verified  whether  the  counted  cells  possessed  
a  blue  outline,  which  translated  their  viability.  The  living  cells  exclude  the  Trypan  Blue  
(0.4%  Sigma  Aldrich,  St  Louis,  MO,  USA),   a  negatively   charged  dye,  whilst   the  non-­
viable  ones,  thanks  to  a  compromised  cell  membrane,  allowed  the  trypan’s  blue  entry.  
When  found,  the  compromised  cells  were  discarded  from  the  count.  
  
4.2.  IRRADIATION  PROCEDURE  
4.2.1.  BRIEF  DESCRIPTION  OF  THE  IRRADIATION  SOURCE  
The   irradiations   were   carried   out   with   the   experimental   equipment   (Precisa   22  
(Graviner,  Manufacturing  Company  Ltd,  U.K.),   loaded  with  Co-­60  sources,   located  at  
CTN.   The   chamber   contains   four   sources   of   Co-­60.   The   installation   consists   of   a  
rectangular   stainless   steel   cavity   filled  with  air,  with   a   vaulted  upper   part.   This   upper  
part   is   arched,   with   65   cm   height,   50   cm   depth,   and   20   cm  width.   The   sources   are  
positioned   in   four   stainless   steel   tubes,   located   in   pairs   on   the   side   walls   of   the  
chamber,  in  frontal  positions,  approximately  30  cm  from  the  floor  of  the  chamber.  The  
movement   of   the   sources   inside   the   tubes,   in   a   length   of   50   cm,   is   controlled  
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automatically,   through  an  afterloading  mechanism,  allowing  their  collection  for  sample  
maintenance  (41).  In  order  to  allow  greater  homogeneity  of  dose  distribution  throughout  
the   samples,   the   system   allows   for   an   automatic   rotation   of   the   plate   below   the  
samples.  
The   dose   rate   used  was   1.15-­1.18  Gy/min.      The   sources   had   an   activity   of   98   TBq  
(2657  Ci)  at  1st  of  March  and  97  TBq   (2628  Ci)  at  1st  of  April.  The   time   required  was  
calculated   for   the   doses   used   in   the   present   work:   0.5,   1,   2   4,   6   and   10   Gy.   The  
clonogenic  assay  made  use  of  all   the  above-­mentioned  doses  plus  the  control  plates.  
The   immunofluorescence  assay  was  evaluated  only  with  2  and  4  Gy,  plus   the  control  
plates.    
  
4.2.2.  IRRADIATION  SETUP  
The   culture   plates   were   placed   on   a   support   (Figure   9),   and   their   position   was  
maintained  with  adhesive  tape.    
  
Figure  9:  Scheme  representing  the  experimental  chamber  and  the  irradiation  setup.  (I)  The  culture  plate;;  
(II)   the   rotation  mechanism  with  a  base,  upon  which   the  culture  plates  were  placed,   fixed  with  adhesive  
tape,  and  (III)  the  interior  portion  of  the  chamber.  
  
The   path   between   the   irradiation   site   and   the   laboratory   is   covered   in   less   than   five  
minutes.   Culture   plates   were   transported   in   a   thermally   insulated   box   at   37°C,  
maintained   with   preheated   gel   packs.   Irradiation   and   all   the   other   steps   of   the  
experimental   protocols   were   performed   at   room   temperature,   unless   otherwise  
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mentioned.    
4.2.3.  DOSIMETRY  
The  calibration  of  the  sources  was  performed  with  an  IC  (Farmer  Type  Chamber  FC65-­
P,  Scanditronix,  Wellhofer)(Figure  10).  The  IC  used  has  a  volume  of  0.65  cm3,  with  a  
total  thickness  (wall  +build-­up  cap)  of    m0.63  g/cm2  and  an  electrometer.  
  
Figure   10:   Digital   image   showing   the   Ionization   Chamber   (IC)   Farmer   Type   Chamber   FC65-­P  
(Scanditronix,  Wellhofer).  
  
The  dose  was  measured  at  3  points  with  the  IC  placed  in  a  rotating  support.  In  rotation,  
these  3  points  covered  a  circular  crown  equivalent  to  the  area  of  the  4  wells  used  in  the  
6-­well   culture   plates   (also   in   rotation).   The   mean   value   of   these   3   registers   was  
adopted.  The  acquisition  was  performed  on  a  specific  time  period,  1  minute,  in  order  to  
establish  a  dose  rate  value  (Gy/minute),  for  the  setup  used.  Using  the  dose  rate  value,  
irradiation   times   were   calculated   for   each   of   the   intended   dose   values.   Given   the  
uncertainty  of  the  indentation/  advance  time  of  the  sources,  irradiations  were  simulated  
for  the  intended  times  and  absorbed  dose  values  were  checked.  Whenever  necessary,  
slight   adjustments   were  made   so   dose   values   could   be   as   close   as   possible   to   the  
intended  values.  The  results  were  reproducible,  with  very  low  uncertainties.  
  
  
4.3.  QUANTIFICATION  OF  THE  NUMBER  OF  DSB  LESIONS  IN  THE  DNA  
4.3.1.  g-­H2AX/  53BP1  ASSAY  
After  irradiation,  the  culture  medium  was  removed  and  the  200  cells  used  were  washed  
twice  with  PBS.  A  volume  of  200  µl   per  well  was  used   for  each  step  of   the  process.  
Irradiated   cells   were   fixed   at   different   times   –   30  minutes,   2   hours,   6   hours   and   24  
hours.  Cells  were   fixed  with  a  4  %   formaldehyde  solution   for  15  minutes.  After  being  
washed   twice  with  PBS,   the   cells  were  permeabilised  with  a   solution  of  Triton  X-­100  
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(0.5  %)  for  3  minutes.    
After   being   rinsed   again   with   PBS,   the   cells   were   incubated   with   the   primary   and  
secondary  antibodies.  The  primary  antibodies  –  mouse  anti-­g-­H2AX  (ab22551,  Abcam)  
and   rabbit  anti-­53BP1  (ab21083,  Abcam)  were  diluted   to  1.2  µl/ml  and  applied   to   the  
cells  for  45  minutes.  The  primary  antibodies  were  removed,  the  cells  were  washed  with  
with   a   solution   of   1  %  BSA.   The   secondary   antibodies   –   FITC-­conjugated   goat   anti-­
mouse   (ab97239,   Abcam)   and   Texas   Red-­conjugated   goat   anti-­rabbit   (ab6719,  
Abcam)  were   diluted   to   1.0  µl   /ml   and   applied   to   the   cells   for   45  minutes.   After,   the  
antibodies   were   removed   and   a   BSA   solution   was   used   to   wash   the   cells.   The  
chromatin   was   stained   with   4’,6-­diamidino-­2-­phenylindole   dihydrochloride   (DAPI,  
Sigma-­  Aldrich)  and  mounted   in  an  anti-­fade  mounting  medium  (Vector  Laboratories).  
The   full  protocol  can  be   found   in   the  annexes  section  (see  protocol   in   the  Annexes  –  
Protocol  g-­H2AX/53BP1).    
  
  
4.3.2.  ACQUISITION  AND  ANALYSIS  
Cells  were  analyzed  with  an  epifluorescent  microscope  (Zeiss  Axioplan  2).  The  images  
were   acquired   using  Metafer   4   software   (version   2.8.2,   MetaSystemsTM,   Altussheim,  
Germany),  which  enabled  the  motorized  slide  plate  to  be  controlled  by  the  microscope,  
the   filters,  and   the  camera.  Depending  on   the  cellular  density  of  each  slide,  between  
30-­60   fields  were  acquired.  The   images  were  acquired   randomly  along   the   slide  and  
export   in   RGB   format   (Figure   11).   Subsequently,   the   images   were   splitted   into   3  
individual   channels   greyscale   files   in   tiff   format,   using   freeware   ImageJ   (Figure   12)  
(42).  The  analysis  of  the  images  was  performed  with  freeware  CellProfiler  3.0  (43).    
  
4.3.2.1.  Foci  Counting  
A   pipeline   was   created   for   foci   counting,   using   the   provided   “ExampleSpeckles”  
pipeline  as  a  template,  obtained  through  the  CellProfiler  website  (43,  44).  For  the  first  5  
images   of   each   subgroup,   a   manual   counting   was   made,   in   order   to   validate   and  
optimize  the  output  provided  by  the  pipeline.  Microsoft  ExcelTM  was  used  for  analysing  
the  output  provided  by  CellProfiler  and  plotting  graphs.  An  outlier  analysis  was  made  
and  the  outliers  were  discarded.  
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Figure  11:  Digital  images  of  (I)  nuclei,  (II)  g-­H2AX,  (III)  53BP1,  and  (IV)  the  merged  image.  Represents  the  
ionizing  radiation-­induced   foci   (IRIF)  and   the  nucleus  of  a  PC3  cell,  24  hours   following   irradiation  with  g-­
rays  at  4  Gy,  obtained  in  this  work.  
  
  
4.3.2.2.  Co-­localization  
For  co-­localization  between  the  phosphorylated  H2AX  and  53BP1,  another  CellProfiler  
pipeline   was   created,   using   the   provided   “ExampleColocalization”   as   a   template,  
obtained   through   the   CellProfiler   website.   The   correlation   coefficient,   part   of   the  
CellProfiler  module  “Measure  Correlation”,  was  also  used  to  analyze  the  output  files.    
The   correlation   coefficient   measures   the   pixel-­by-­pixel   covariance   of   the   pixel’s  
intensity  between  two  images.  It  subtracts  the  mean  intensity  from  each  pixel’s  intensity  
I II 
III IV 
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value,  which  makes  it  independent  of  signal  levels  and  background.  This  measurement  
is  equivalent  to  Pearson’s  correlation  coefficient  (PCC).  The  values  range  from  1  to  -­1.  
A  value  equal   to  1  translates  two   images  whose  fluorescence   intensities  are  perfectly  
related,  whilst  a  value  of   -­1   translates   two   images  whose   fluorescence   intensities  are  
perfectly,  but  inversely,  related  to  one  another  (45,  46).      
From   the   correlation   coefficient,   a  mean  ±   standard   error   of   the  mean   (s.e.m.)   was  
calculated.   The   first   and   third   quartiles   were   calculated   and,   from   the   inter-­quartil  
range,   the   outliers   were   removed   and   the   mean   ±   s.e.m.   was   recalculated.   The  
obtained   values   were   plotted.   The   Microsoft   ExcelTM   was   used   for   analysis   of   the  
output   provided   and   plotting   graphs.   An   outlier   analysis   was   made   and   the   outliers  
were  discarded.  
  
Figure   12:   Digital   image,   exemplifying   an   output   set   of   images   from   ImageJ,   after   being   split   into  
separated  channels.  The  exhibited  set  is  from  a  dose  of  2  Gy,  acquiring  at  half  an  hour  after  irradiation.  (I)  
Represents  the  nuclei  channel,  (II)  represents  the  53BP1  channel,  (III)  represents  the  H2AX  channel.  
  
4.4.  QUANTIFICATION  OF  THE  SURVIVAL  CURVE  
A   number   of   diluted   cells   were   placed,   into   the   wells   of   the   culture   plates.  With   the  
control  plates  as  reference,  the  cells  were  seeded  for  1-­3  weeks,  depending  on  growth  
rate.  The  aim  was  to  leave  the  culture  for  a  time  equivalent  to  at  least,  6  cell  divisions.    
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When  the  colonies   from  the  control  plates   formed  sufficiently   large  clones  (of  at   least  
50  cells),  the  culture  medium  was  removed  and  the  cells  were  washed  with  PBS.  The  
colonies   were   fixed   with   a   solution   of   methanol:   acetic   acid   (3:1)   and   stained   with  
crystal  violet  (1  %).    
The  full  protocol,  based  on  the  work  of  Franken  et  al.,  (33)  can  be  found  in  the  annexes  
section  (see  protocol  in  the  Annexes  –  Protocol  Clonogenic  Assay).    
The  number   of   cells   varied,   according   to   the  dose.   In   the   control   plates,   the  number  
varied   between   50,   70,   and   100   cells.   In   the   0.5   and   1   Gy   plates,   the   number   was  
either  50  or  100.  For   the  2  Gy  plates,   the  number  of  cells  was   increased   to  50,  150,  
175,  200  or  250  cells.  The  4  Gy  plates  saw  this  number  vary  between  250,  300,  and  
500  cells.  For  the  6  Gy,  the  plates  received  a  number  of  cells  between  2500,  3000,  and  
5000.  Finally,  in  the  10  Gy  plates  a  number  of  25000  or  50000  cells  were  seeded.  
  
4.4.1.  COLONY  COUNTING  
Colony   counting   procedure   was   undertaken   with   a   two-­step   procedure.   First,   an  
operator   counted   the   colonies   visible   to   the   naked   eye.   Afterwards   the   results   were  
checked/completed   with   the   help   of   an   inverted   light   microscope   (Motic   AE21).  
Colonies  of  cells  were  subsequently  counted.  Platting  efficiency  (PE)  is  defined  as  (33):  
  
𝐏𝐄 = 	   𝐧𝐨.𝐨𝐟	  𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬	  𝐟𝐨𝐫𝐦𝐞𝐝	  𝐧𝐨.𝐨𝐟	  𝐜𝐞𝐥𝐥𝐬	  𝐬𝐞𝐞𝐝𝐞𝐝 	  ×	  𝟏𝟎𝟎      Eq  4  
  
The  number  of  colonies  formed  after  treatment  of  cells  is  called  surviving  fraction  (SF).  
SF   is   determined   based   on   the   control   plaques   and   expressed   in   terms   of   PE.   This  
parameter  can  be  calculated  according  to  the  following  equation  (33):  
  
𝐒𝐅 = 	   𝒏𝐨.	  	  𝐨𝐟	  𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬	  𝐟𝐨𝐫𝐦𝐞𝐝𝐧𝐨.𝐨𝐟	  𝐜𝐞𝐥𝐥𝐬	  𝐬𝐞𝐞𝐝𝐞𝐝	  ×𝐏𝐄	        Eq  5  
  
It   is   important   to   calculate   the   number   of   colonies   formed   from   the   control   cells,  
because   it   is   necessary   to   calculate   the   platting   efficiency,   which   will   be   used   to  
calculate  the  SF.  
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4.4.2.  ANALYSIS    
4.4.2.1  Linear-­Quadratic  (LQ)  model  
The   linear-­quadratic   (LQ)   model   (47)   consists   in   one   of   the   most   extensively   used  
models   for   the   quantitative   description   of   IR   response.   This   model   describes   the  
survival  curve  with  an  equation    characterized  by  two  mechanisms  of  cell  killing:  non-­
repairable  lesions  and  repairable  lesions  (48).  The  cell  survival  fraction  S  with  dose  D  
is  given  by  the  following  equation:  𝑺 =   exp  ( − 	  𝜶𝑫 − 𝜷𝑫𝟐)      Eq  6  
Extensive  literature  has  been  written  on  validation  of  LQ  model  at  low-­doses  and  low-­
LET   IR   (49,   50,   51).   The   survival   fraction   values   are   log-­transformed   and   plotted  
against   the   dose   values   experimentally   evaluated.   An   LQ   regression   analysis   was  
performed,   allowing   the   survival   fraction   to   be   described   by   a   second-­degree  
polynomial  with   two   components,  a   e  b   (Figure   13)(52).   The   linear   component,  a,   is  
associated  with   the   lethal   lesions   induced   by   a   single   radiation   track,   whilst   the  b   is  
associated  with  the  lethal  lesions  induced  by  two  different  radiation  tracks  (51).  
  
Figure  13:  Shape  of  survival  curve.  For  high-­LET  IR   the  dose-­response  curve  consists  of  a  straight   line  
from  the  origin.  For  low-­LET  IR  the  dose-­response  curve  has  an  initial  linear  slope,  followed  by  a  shoulder.  
Extracted  from  (12).  
4.4.2.2  Statistical  analysis  
The   statistical   analysis   of   the   clonogenic   assay   was   performed   by   using   a   software  
package,  CFAssay  for  R  (R  Core  Team,  R:  A  Language  and  Environment  for  Statistical  
Computing,  2014).  The  procedure  was  adapted  from  Braselmann  et  al(32)   in  order   to  
analyze   the   survival   curve  after   cell   treatment  with   IR.  The   results  were  achieved  by  
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writing  and  adapting  the  program  to  the  obtained  data,  thanks  to  the  expertise  of  MSc  
Jorge  Borbinha.    
The  data-­points  obtained  through  the  clonogenic  assay  were  fitted  in  the  LQ  model.  
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5.  RESULTS  AND  DISCUSSION  
  
This  chapter  intends  to  report  and  discuss  the  results  obtained  during  the  course  of  this  
thesis.   The   measurements   from   the   immunofluorescence   assays   are   presented,  
divided   between   the   measurements   of   the   number   of   foci   associated   with   each  
biomarker,   g-­H2AX   and   53BP1   and   the   results   of   the   co-­localization   between   them.  
These  results  are  analyzed  and  discussed.  The  results  from  the  clonogenic  assay  are  
also  presented  and  discussed.  
  
5.1.  QUANTIFICATION  OF  THE  NUMBER  OF  DSB  LESIONS  IN  THE  DNA    
One  of  the  first  steps  in  the  cellular  response  to  IR  is  the  phosphorylation  of  H2AX  and  
53BP1,  being   its  presence   in   the  nucleus  associated  with  DSBs.  The  phosphorylated  
versions  can  be  detected   through  specific  antibodies,   leading   to   the   formation  of   foci.  
The  quantification  of   these   foci  allows  to   test   the  kinetics  of  g-­H2AX  and  53BP1,   thus  
providing   information   on   the   induction   of   damage   and   cell   repair,   making   them  
biomarkers  for  DSBs  (53).  
In  order  to  analyze  DSBs  in  the  PC3  cell  line,  the  visualized  foci  were  quantified.  Their  
response  was  assayed   in   irradiated  and  non-­irradiated  cells,  over  several   time-­points  
(30  minutes,  2  hours,  6  hours,  and  24  hours).  The  time-­points  represent  the  times  the  
subgroups  were  given  to  repair  before  the  process  was  interrupted.  For  the  53BP1  foci,  
the  cells  were  irradiated  with  a  dose  of  2  and  4  Gy.  For  the  g-­H2AX  only  the  dose  of  2  
Gy  was  evaluated.      
The  intended  goals  were  to  (i)  confirm  a  distinction  between  a  response  induced  by  IR  
exposure  in  relation  to  the  basal  values  encountered  in  the  control  groups;;  (ii)  measure  
the  number  of  DSBs  detected  by  each  biomarker  at  different   repair   times;;   (iii)   for   the  
53BP1,  measure  the  number  of  DSBs  detected  at  different  doses.  
The  mean  number  of   g-­H2AX  was  measured   (Figure  14).  For   the   cells   exposed   to  a  
single  dose  of  2  Gy,  the  maximum  value  appeared  at  30  minutes,  with  a  mean  of  22.08  
foci/nucleus.   The   average   number   of   foci   decreased   with   repair   time.   The   biggest  
decrease   occurred   from   the   6-­   to   the   24-­hour  mark,   from   16.16   foci/nucleus   to   9.82  
foci/nucleus.   The   control   group   presented   an   average   number   approximately   5.45  
foci/nucleus  throughout  the  different  time-­points.  
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The  mean  number  of  53BP1  foci  was  measured  (Figure  15).  For  the  cells  exposed  to  a  
single  dose  of  2  Gy,  the  maximum  foci  value  appeared  at  30  minutes,  with  a  mean  of  
17.53  foci/nucleus.  The  foci  number  decreased  with  repair  time.  The  steepest  decrease  
occurred  from  6  to  24  hours,  from  13.17  to  7.81  foci/nucleus.  The  mean  foci  value  at  24  
hour-­mark  remained  higher  from  the  value  of  mean  foci  in  non-­irradiated  foci,  which  at  
24  hours  presents  an  average  number  of  4.17  foci/nucleus.  For  the  cells  exposed  to  a  
single  dose  of  4  Gy,  the  maximum  foci  value  also  appeared  at  30  minutes,  with  a  mean  
of  28.14  foci/nucleus.    
The  results  obtained  allow   to  draw  a  pattern,  maintained  by  both  biomarkers.  A   time-­
dependent  trend  is  noted  –  as  the  repair  time  increases,  the  mean  number  of  foci  per  
nucleus  that   is  recognizable  decreases.  Since  the  foci  represent  damages  recognized  
by  the  antibodies,  a  reduction  in  foci  number  reflects  a  reduction  in  damage.  
The  highest  difference  between  mean  foci  number  occurs  from  6  to  24  hour,  which  also  
represents  the  highest  difference  between  time-­points.  
The  control  culture  plates  maintained  the  average  number  of  foci  over  the  time-­points,  
as  expected,  since  they  were  not  exposed  to  IR.  These  control  groups  provided  a  basal  
measure  of  foci  needed  to  assess  the  difference  in  damage  induced  by  IR.  Moreover,  
since   the   plates   were   exposed   to   the   same   procedures,   apart   from   irradiation,   they  
helped  excluding  any  other  step  in  protocol  as  a  cause  of  damages,   like  the  stress  of  
transport  between  the  irradiation  site  and  the  laboratory.  
  
Figure  14:  Induction  of  g-­H2AX  foci  per  nucleus  in  control  cells  and  in  cells  irradiated  with  2  Gy,  after  0.5  
(30   minutes),   2,   6,   and   24   hours.   The   error   bars   associated   to   each   average   number   represent   the  
standard  error  of  the  mean  (s.e.m.).  
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Figure  15:  Induction  of  53BP1  foci  per  nucleus  in  control  cells  and  in  cells  irradiated  with  2  and  4  Gy,  after  
0.5   (30  minutes),   2,   6,   and  24  hours.  The  error  bars  associated   to  each  average  number   represent   the  
standard  error  of  the  mean  (s.e.m.).  
Frequency   distribution   of   the   foci   number   was   plotted   for   both   biomarkers,   g-­H2AX  
(Figure   16)   and   53BP1   (Figure   17).   In   order   to   facilitate   visualization   of   data,   the  
number   of   foci,   represented   in   the   x-­axis,   was   divided   in   subgroups,   rather   than  
presenting   the   specific   frequency   for   an   individual   number   of   foci.   In   general,   an  
inverse  trend  is  noted  in  relation  to  the  number  of  foci  per  nucleus  and  repair  time  –  as  
the  repair  time  increases,  the  mean  number  of  foci  per  nucleus  decreases.  
The   frequency   distribution   for   the   g-­H2AX   and   for   the   53BP1   foci   followed   a   similar  
trend:  an   inverse  relation  between  the  number  of   foci  per  nucleus  and  repair   time,  as  
observed   previously.   The   dose   increment   from   2   to   4  Gy,   resulted   in   an   increase   of  
frequency  of  higher  number  of  foci  per  nucleus,  in  all  time-­points  evaluated.  The  control  
group  maintained  a  stable   frequency  distribution  of   foci/nucleus,  at   the  different   time-­
points.    
After  24  hours  of  repair  time,  the  presence  of  residual  foci  is  still  noticeable,  since  the  
mean  number  of  foci   is  higher  than  the  basal  number  given  by  the  controls.  This   is   in  
agreement  with  some  of  the  literature,  reporting  the  presence  of  some  foci  after  a  long  
period  of  time  after  the  end  of  the  irradiation,  but  the  significance  of  these  residual  foci  
is   not   completely   clear   (54).   For   that   reason,   generally,   when   referring   to   the  
relationship  described  between  DSBs  and   the  number  of   foci,   the   reference   is   to   the  
initial  number  of  foci  (55).  
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The   g-­H2AX   results   obtained   for   the   irradiation   for   4   Gy   were   observed   to   have   an  
intense   background.   Despite   optimization   through   the   pipeline’s   available   modules,  
CellProfiler  was  not  able  to  dismiss  the  background  in  a  consistent  manner  throughout  
the   tiff   files   on   the   diverse   time-­points.   The   results   were   then   discarded   and   time  
constraints  prevented  the  assay’s  repetition.    
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Figure  16:  Frequency  distribution  of   the  number  of     g-­H2AX  foci  per  nucleus.  The  graphs  exposed  on  the  
left  side  represent  control  results,  i.e.  non-­IR-­exposed  nucleus.  The  graphs  exposed  on  the  right  represent  
results  obtained  for  2  Gy,   i.e.  nucleus  exposed  to  a  2  Gy.  Several   time-­points  are  presented,  0.5  hours,  2  
hours,  6  hours,  and  24  hours,   representing   the   time   intervals  between  the  end  of   the   IR-­exposure  and  the  
application   of   the   fixation   solution.   Note   that   some   graphs   present   different   Y-­axis   values,   in   order   to  
maintain  the  overall  size.  
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Figure   17:  Frequency   distribution   of   the   number   of   53BP1   foci   per   nucleus.   The   graphs   represent   control  
results,  i.e.  non-­IR-­exposed  nucleus,  results  obtained  for  2  Gy,  i.e.  nucleus  exposed  to  a  single  dose  of  2  Gy  
and   the   results   obtained   for   4   Gy,   i.e.   nucleus   exposed   to   a   single   dose   of   4   Gy.   Several   time-­points   are  
presented,  0.5  hours,  2  hours,  6  hours,  and  24  hours,  representing  the  time  intervals  between  the  end  of  the  
IR-­exposure  and  the  application  of  the  fixation  solution.  Note  that  some  graphs  present  different  Y-­axis  values,  
in  order  to  maintain  the  overall  size.  
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5.2.  ANALYSIS  OF  FOCI  CO-­LOCALIZATION  
The  co-­localization  of   two  fluorescence  signal  distributions  was  evaluated  through  the  
correlation   coefficient,   calculated   by   CellProfiler   (see   section   4.3.2.2).   Enables   the  
measurement   of   the   covariance   of   the   pixel’s   intensity   between   two   images,   in   each  
pixel.  The  experimental  results  obtained  for  the  control  cells  and  the  cells  exposed  to  a  
2  Gy  dose  are  shown  (Figure  18).    
  
  
Figure  18:  Mean  value  of  colocalization  as  measured  by  the  correlation  coefficient  from  CellProfiler.  The  
error  bars  in  each  mean  value  represent  the  s.e.m..  
  
For  the  2  Gy  curve  the  maximum  value  was  observed  at  a  30  minutes’  repair  time,  with  
a  value  of  approximately  0.51.  Between  the  30  minutes  and  2  hours  a  large  decrease  
in  co-­localization  was  verified,  to  a  value  de  approximately  0.  27.  At  6  hours  the  value  
decreased  further,   to  approximately  0.24.  A  slight   increase  was  also  observed  toward  
the  24-­hour  mark,  to  a  value  of  0.34.    
The   control   curve,   on   the   other   hand,   didn’t   seem   to   be   characterized   by   a   general  
trend.   There  was   a   decrease   from   the   30-­minute   point   in   relation   to   a   2   hour   repair  
time,   from   approximately   0.25   to   0.17.   After   that,   the   mean   value   of   co-­localization  
increased  to  0.28  for  a  6-­hour  repair  time,  and  decreased  again  at  the  24-­hour  mark  to  
0.22.  The  number  of  both  53BP1  and    g-­H2AX  in  non-­irradiated  cells  has  been  found  to  
be  significantly  different  among  different  cell  lines  (55).    
An  overall  decreasing   tendency   is  noted  as   the   repair   time   increases,  suggesting   the  
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co-­localization  to  be  time-­dependent,  for  the  2  Gy  dose  points.  This  is  in  line  with  some  
reports.  A  tendency  is  also  noted  by  Marková  et  al.,  who  refers  a  lower  co-­localization  
at   24   hours   in   comparison   with   co-­localization   at   12   hours,   indicating   a   time-­
dependence   on   time   post-­irradiation.   The   authors   report   a   dose-­dependence   as  well  
(55).  The  evaluation  of  co-­localization  at  4  Gy  was  not  possible  at  this  work.  Literature  
still  refers  the  occurrence,  in  the  case  of  tumor  cell  lines,  of  an  expression  of  g-­H2AX    in  
non-­irradiated  cells  (54).    
Foci  scoring  is  dependent  on  the  setting  threshold  criteria  for  foci  size,  signal  intensity  
and  overall  morphology,  so  as  to  distinguish  “true”  foci  from  antibodies  aggregated  with  
diverse   targets   that   are   not  DSBs.   The   co-­localization   of   both   g-­H2AX  and   53BP1   is  
frequently  assumed  by  literature  to  be  a  reflex  of  the  actual  DSB  number.  Still,  it  is  also  
reported  that  seemingly  spontaneous  levels  of  foci  may  occur.  In  addition,  it  is  unclear  
whether  or  not   they  always  reflect  damages  (56).  Several  authors  refer  conflicting  co-­
localization   levels   of   g-­H2AX   and   53BP1.   While   a   number   of   authors   describe   co-­
localization  (57)  others  do  not  observe  co-­localization,  or  only  observe   it  partially   (54,  
55).  
For   the   speckles   (foci)   counting   and   for   co-­localization   the   open   source   program  
CellProfiler  was  used.  Poor  performance  has  been  reported  in  situations  when  images  
have   low   signal   to   noise   ratio   or   sets   of   images   with   different   levels   of   background  
intensity.   Some   difficulties   in   optimizing   the   diverse   parameters   have   also   been  
highlighted  (58).  For   this  work  both   the  speckle  counting  and   the  co-­localization  have  
been   used,   which   are   based   on   pipelines   provided   as   example   in   the   CellProfiler’s  
website.  The  optimization  process  was  carried  out  by  trial  and  error,  taking  a  sample  of  
images   in   several   subgroups,   divided   by   biomarker,   dose,   repair   time   and   image  
number,   and   performing   a   manual   counting   (for   the   speckle   counting   portion   of   the  
analysis).  The  CellProfiler  revealed  good  agreement  with  53BP1  after  optimization,  but  
not  so  much  so  with  g-­H2AX,  whose  high  levels  of  intensity  around  the  nucleus  of  some  
image  sets  prevented  a  manual  counting  procedure  on  those  specific   images.  Among  
the  strategies  used  to  optimize  the  pipeline,  were  the  threshold  for  foci  size,  which  was  
set  higher  in  hopes  of  removing  the  background  (the  same  values  were  used  for  both  
biomarkers).  We  hypothesize  that  the  optimization  process  might  have  deleted  some  of  
the   smaller   foci.   One   alternative   would   be   to   repeat   the   assay   and   perform  manual  
speckle   counting.   An   article   published   by   Jezkova   et   al.,   in   2018,   describes   this  
protocol   step   with   two   independent   experienced   evaluators   (11).   A   comparison    
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between   manual   and   computer-­aided   foci   quantification   was   made   for   53BP1   foci,  
being  reported  a  difference  of  no  more  than  20  %  (55).  However,  nothing  is  mentioned  
on  the  “quality  of  the  images”  evaluated.  
  
5.3.  QUANTIFICATION  OF  THE  SURVIVAL  FRACTION  
Clonogenic   assays   reflect   the   ability   of   a   cell   to   survive   and   continue   to   proliferate  
indefinitely,   representing   the  gold  standard   in  vitro  method   to  evaluate   the  clonogenic  
potential  of  in  vivo  cells  (32).  
PC3   cell   ability   to   survive   and   continue   to   proliferate   was   investigated,   through   a  
clonogenic   assay,   using   the   same   experimental   conditions   used   for   the  
immunofluorescence   assays.   The   clonogenic   survival   of   the   PC3   cell   line   was  
determined   in   response   to   a   single   dose   of   IR.   A   colony   was   defined   as   having   a  
number  greater  than  50  cells.  
SFs  were  determined  in  function  of  the  dose,  in  Gy.  Results  are  shown  in  Table  3.  The  
survival   (Figure   19),   was   generated   as   the   result   of   a   fitting   process   between   the  
experimental  data  with  7  different  single-­doses  (Table  3),  and  the  LQ  model.    
Table   3:   Values   of   Survival   fraction   (SF)   obtained   through   a   clonogenic   assay.   The   results   are  
represented  as  the  mean  of  SF  of  three  independent  experiments  ±  s.e.m.  
Dose  (Gy)   Survival  Fraction  (SF)  
±  s.e.m.  
0   1  
0.5   0.923  ±  0.0696  
1   0.651  ±  0.0588  
2   0.490  ±  0.0323  
4   0.133  ±  0.0114  
6   0.042  ±  0.0020  
10   0.0002  ±  0.0001  
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Figure  19:  Survival  curve  for  the  PC3  cell  line  obtained  from  a  clonogenic  assay.  The  points  represent  the  
mean  value  of  three  independent  experiences  and  the  s.e.m.  is  represented  by  the  error  bars.  
  
The   values   of   the   linear   and   quadratic   parameters   of   the   LQ  model   were   calculated  
(see  section  4.4.2.2.).  The  equation  7  obtained  for  the  SF  of  the  PC3  cell  line  was:  
𝑺 =   exp  ( − (−𝟎. 𝟑𝟗𝟖𝟕𝟒𝟔𝟖𝟒)𝑫 − (−𝟎. 𝟎𝟐𝟒𝟒𝟗𝟓𝟖𝟔)𝑫𝟐)        Eq  7  
The  PC3  cell  line  was  irradiated  with  increasingly  IR  doses.  As  expected,  the  irradiation  
affected  PC3   line’s   survival   in   a   dose-­dependent   effect,   when   compared   to   the   non-­
irradiated  cells.  Higher  IR  dose  values  lead  to  a  lower  survival.  An  initial  shoulder  was  
observed,   followed  by  a  survival  decrease,  as  dose   increased.  The  obtained  a  and  b  
values,  0.39874684  and  0.02449586,  are  in  line  with  those  of  Van  Oorschot  et  al.  This  
study  reports  an  a    value  of  0.34  ±  0.04  and  a  b  value  of  0.03  ±  0.01  ,  when  irradiation  
is   performed   with   a   250   kev   X-­ray   machine,   a   dose   of   0-­8   Gy   and   a   dose   rate   of  
approximately  3  Gy/min  (59).    
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6.  CONCLUSION  
  
This  main  objective  of  this  dissertation  was  to  contribute  to  the  characterization  of  the  
PC3  cell  response  to  IR.  More  specific  goals  were  defined,  such  as:  (i)  to  study  of  the  
induction  of  DSBs  soon  after  irradiation;;  (ii)  to  measure,  with  increasing  time,  how  well  
the  cells  repair  lesions  induced  by  IR  as  PC3  are  known  to  be  sensitive  to  radiation;;  to  
test  cell  survival  at  different  doses.  
First   and   foremost,   cells   were   irradiated   with   different   doses,   at   an   experimental  
chamber   loaded   with   four   Co-­60   sources.   A   simple   dosimetric   study   was   made,   in  
order  to  define  the  amount  of  time  required  to  deposit  the  intended  doses  to  the  culture  
plates,  where  the  cells  were  located.  
For  the  second  part,  cells  were  submitted  to  two  different  protocols,  depending  on  the  
cell’s  intended  use.  The  cells  were  either  let  to  grow  to  evaluate  the  maintenance  of  the  
clonogenic   potential   or   to   be   stripped   down   of   all   the   components   (except   for   the  
nucleus)  and  be  placed  with  antibodies.  The  antibodies  used  were  designed  to  identify  
the  biomarkers  and  emit  a  fluorescence  signal.  
The   results  obtained   through   the  counting  of   foci  by  both  biomarkers  suggest  a  dose  
and   time  dependence   regarding   the  amount  of   damage.  As   the  cells  are  given  more  
time  to  repair,  the  mean  number  of  foci  decreases.  Nevertheless,  an  incomplete  repair  
of   damages   after   24   hours   of   irradiation   was   noted,   suggesting   a   mismatch   repair  
deficiency.  The  difference  between  the  amount  of   foci  quantified  after  a  repair   time  of  
24   hours   and   by   control   groups,   suggests   the   presence   of   residual   DSBs.   Residual  
DSBs  are  associated  with  genomic  instability  and  carry  a  higher  risk  of  IR-­induced  cell  
death.  This  study  confirms  the  radiosensibility  of  PC3  cells  reported  by  literature.    
The  literature  reports  a  variety  of  different  data  regarding  co-­localization  measurements  
with  heterogeneous  results,  such  as  strong  co-­localizations,  partial  co-­localizations  and  
no  co-­localization.  Due  to  the  poor  quality  of  a  portion  of  the  fluorescence  images,  the  
pipeline   used   included   several   modules,   to   account   for   image   background  
heterogeneity.   An   attempt   was  made   to   co-­localize   the   g-­H2AX   foci   with   53BP1   foci  
with   CellProfiler   module   “Measure   Correlation”.   Only   the   images   irradiated   at   2   Gy  
presented  enough  quality   to   be   considered  as   viable.   The   correlation   coefficient  was  
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used,  having  obtained  a  partial  correlation  on   the  cells  exposed   to  2  Gy.   In   the  2  Gy  
group,  a  decreasing  tendency  was  noted  in  in  co-­localization  as  repair  times  increased.  
The   present   co-­localization   results   are   consistent   with   the   diverse   results   found   in  
literature.  Still,  it  is  difficult  to  find  a  satisfactory  explanation  for  this  differences.  
Lastly,  the  survival  capacity  was  tested  through  a  clonogenic  survival  assay.  Calculated  
a   and   b   values   are   in   agreement   with   literature   and   constitute   a   reference   to   be  
compared  to  upon  further  studies,  either  with  different  IR  sources  or  with  difference  cell  
lines.  
A   major   limitation   of   this   study   was   the   need   for   validation   of   CellProfiler   pipelines,  
through  a  manual   counting  of   foci   in   five   randomly   selected   images.  Due   to   the  very  
high  number  of  samples,  this  task  could  not  be  applied  to  all  of  them  because  it  would  
be   laborious   and   time   consuming.   Additionally,   the   poor   quality   of   some   images  
compromised   the   pipeline’s   results   consistency.   If   different   pipelines   were   to   be  
developed   for   different   samples,   the   foci   in   each   image   would   be   counted   using  
different  parameters,  also  jeopardizing  result  consistency.  If  time  constraints  weren’t  a  
problem,   the  course  of  action  would  be   to   repeat   the  assays,   trying   to  acquire  better  
quality   images.  We  opted   for   developing  a   single   pipeline,   optimizing   the  modules   in  
order  to  co-­localize  counted  foci  as  accurately  as  possible  for  all  the  considered  sample  
images.    
We  consider  the  goals  pursued  during  this  work  to  be  partially  met.  We  manage  to:  (i)  
confirm   radiosensibility   of   the   PC3   cell   line;;   (ii)   study   repair   kinetics   against   basal  
values;;  (iii)  arrive  to  partial  co-­localization  values  for  the  group  of  cells  exposed  to  2  Gy,  
considering   different   repair   times;;   (iv)   test   survival   capacity   for   a   number   of   dose  
points.  However,  bad   image  quality   increases  associated  with   the   results  obtained   in  
points  (i)  (ii)  and  (iii),  limiting  our  confidence  in  the  results  and  the  conclusions  that  can  
be  drawn  from  them.  
Due   to   the   intrinsic   complex   cellular   response   to   IR,   there   is   a   significant   variation  
associated  with   radiobiology  and  biomarker   studies.   In   this   sense,   studies  performed  
under   different   conditions   provide   further   insight   or   underlying   cellular   response.   The  
work  performed  during  this  thesis  intends  to  contribute  towards  it.  The  study  of  cellular  
response   is  of  uttermost   importance   to   relate   radiation  damage   to  normal   tissues,  as  
well  as  to  better  understand  radiation  therapeutic  effects  on  tumor  cells.  
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For  future  studies,  some  aspects  deserve  a  more  in-­depth  study,  such  as:    
-­   The  contextualization  of   the  results  with  other  cell   lines  submitted  to   the  same  
conditions,  allowing  for  a  more  accurate  comparison  of  repair  kinetics.    
-­   The   evaluation   and   comparison   of   the   induction   and   repair   kinetics   of   DNA  
damages  induced  by  different  types  or  IR  (with  different  LET  values).  
-­   The  development  of  protocols  for  precise  and  consistent  foci  analysis,  in  the  3D  
volume  of  a  cell.  
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ANNEXES  
  
PROTOCOL  CELL  COUNTING    
1.   Remove  the  medium  from  the  culture  flask  
2.   Wash  2x  with  PBS  
3.   Add  a  trypsin  solution  for  2  minutes  
4.   Check  the  detachment  of  the  cells  with  the  aid  of  an  inverted  light  microscope  
5.   Add  culture  medium   (at   least,   3x   the  volume  of   trypsin  added),   homogenizing  
the  resulting  solution,  pipetting  the  cell  suspension  up  and  down  
6.   Prepare  a  1:1  dilution,  adding  trypan  blue  and  cell  suspension  in  an  Eppendorf  
tube,  homogenizing  the  resulting  solution  
7.   Transfer  10  µl  to  an  hemocytometer  slot  
8.   Verify  the  homogeneity  using  a  microscope  
  
9.     Count  the  number  of  cells,  according  to  the  following  equation:    
cellsµμl = 	   no. of	  cellsno. of	  squares	  ×	  dillution	  factor	  ×	  camera	  conversion	  factor  
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PROTOCOL  g-­H2AX/  53BP1  ASSAY    
CELL  CULTURE  
1.   Add  200  cells   to   the  cover  glass   (1  per  well)  and  place   it  on   the  culture  plate  
after   adherence,   with   a   volume   of   200   µl   of   supplemented  medium   per   well,  
prepared  according  to  the  manufacturer  instructions.  The  culture  medium  RPMI  
is   to   be   supplemented   with   10   %   FBS   and   1   %   of   a   penicillin-­streptomycin  
solution.  
2.   Place  the  culture  plates  at  an  CO2  incubator,  with  an  humidified  atmosphere  at  
37°  C,  with  5  %  CO2  
3.   Irradiate  the  culture  plate  after  24  h  
  
POST-­IRRADIATION  
1.   According   to   the   damage   evaluation   timing,   remove   the   culture   medium   and  
wash  twice  with  PBS.  A  solution  volume  of  200  µl  is  to  be  used  in  every  step  of  
the  protocol.  
2.   Add  a  4  %  formaldehyde  fixation  solution  in  PBS  for  15  minutes  
3.   Remove  the  fixation  solution  and  wash  with  PBS  
4.   Add   a   lysis   solution   using   Triton   X-­100   (0.5   %)   at   room   temperature   for   3  
minutes  
5.   Wash  with  a  solution  of  PBS  
6.   Incubate  with  1µg/ml  primary  antibody  γ  –  H2AX/53BP1  for  45  minutes  
7.   Wash  with  a  1  %  BSA  solution  
8.   Incubate  with  a  FITC/  TxRed  secondary  antibody  at  1  µg/ml  for  45  minutes  
9.   Wash  with  a  1  %  BSA  solution  
10.  Incubate  with  Hoechst  (1  µg/ml)  for  5  minutes  
11.  Wash  with  a  PBS  solution  and  mount  with  anti-­fade  
  
SCORING  
1.   Cells  were  analyzed  with  a   fluorescence  microscope  with  a  64x  magnification  
lens  
2.   The   images   were   randomly   obtained   and   posteriorly   exported.   The   analysis  
was  made  using  the  freeware  CellProfiler  
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PROTOCOL  CLONOGENIC  ASSAY  
CELL  CULTURE  
1.   Add   2500/   5000   cells   to   the   culture   plates,   with   a   volume   of   200   µl   of  
supplemented   medium   per   well,   prepared   according   to   the   manufacturer  
instructions.  The  culture  medium  RPMI    is  to  be  supplemented  with  10  %  FBS  
and  1  %  of  a  penicillin-­streptomycin  solution  
2.   Place  the  culture  plates  at  an  CO2  incubator,  with  an  humidified  atmosphere  at  
37°  C,  with  5  %  CO2  
3.   Irradiate  cell  in  culture  after  24  h  
  
POST-­IRRADIATION  
1.   Remove  the  culture  medium  and  wash  with  a  PBS  solution  
2.   Trypsinize  the  cells  so  as  to  produce  a  suspension  
3.   Homogenize  and  count  the  cells  
4.   Dilute   the   cell   suspension   with   culture  medium   until   reaching   the   appropriate  
concentration  and  place  the  contents  on  the  culture  plates  
5.   Place   the   plates   in   the   incubator   until   the   control   plates   form   colonies   (   time  
equivalent  at  least,  6  potential  cell  divisions)  
    
FIXATION  AND  STAINING  
1.   Remove  the  culture  medium  and  wash  thoroughly  with  PBS  
2.   Remove  the  PBS  and  add  a  methanol:  acetic  acid  solution  (3:1)  for  10  minutes    
3.   Add  a  staining  solution  of  crystal  violet  (1%)  for  30  minutes    
4.   Remove  the  crystal  violet  solution  and  rinse  with  tap  water  
5.   Allow  the  culture  plates  to  dry  at  room  temperature  
  
COUNTING  
1.   Count  manually  the  number  of  colonies  
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PLATTING  EFFICIENCY  AND  SURVIVING  FRACTION  
The  platting  efficiency  is  determined  using  the  following  equation:  
   PE = 	  no. of	  colonies	  formedno. of	  cells	  seeded 	  ×	  100  
  
The  number  of  colonies  that  form  after  treatment  of  the  cells,  expressed  in  terms  of  the  
PE,   is   referred   to  as   the  surviving   fraction,   is  determined  based  on   the  control  plates  
and  can  be  calculated  according  to  equation:  
   SF = 	   𝑛o.	  	  of	  colonies	  formedno. of	  cells	  seeded	  ×PE	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